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INTRODUCTICN

Copper and Zn deficiencies of crop plants occur in var-
ious areas throughout <the world (Sparr, 1570C; Murphy and
Walsh, 1972; Kabata-Pendias and Pendias, 1984). Copper de-

ficiencv occurs most commonly in wheat (Triticum aestivum),

whereas 2Zn deficiency occurs most often in corn (Zea mays

~

L.) (Sparr, 1870). The sulfate forms of Cu and Zn are gen-
erally used to correct these micronutrient deficiencies in
corn (Murphy and Walsh, 1972).

In agricultural practices, Cu and Zn are applied <o
solls not only as a fertilizer, but also as manures, pesti-
cides, and waste materials such as sewage sludge. High lev-
els of Cu and Zn applications to agricultural soils are con-
sidered to pose a potential hazard to plants and animals
(Lexmond and deHaan, 1977; U.S. Environmental Protection
Agency, 1979). Guidelines have been established for the ap-
plication of sludges to agricultural land (Sommers and Nel-
son, 1578). Loading rates for application of heavy metals,
including Cu and 2Zn, to soils have been based on an in-

terpretation of a wide volume of heterogeneous literature.

Therefore, the levels of Cu and Zn applications, particular-




[N]

ly as sulfate, that will either injure plants or increase Cu
and Zn concentrations in edible plant portions to undesira-
bly high levels are still unknown.

There 1s a need for long-term field research involving
high levels of CuSO; and 2ZnS0O4 applications to agricultural
soils. Field research involved with heavy metal applications
should consider the fate of metals in soils, changes in con-
centrations of metals in plants, and effects of metals on
crop yields.

The study reported herein was undertaken on a Davidson
silty clay soil with specific cbjectives as fcllows:

1. to determine corn response to 18 annual applications

of various levels of CuSO,; and ZnSO,,

o

. to evaluate downward movement of Cu and Zn following
17 annual applications of various levels of CuSO, and
ZnS0,4, and

3. *to investigate the reversion of Cu and Zn to plant

unavailable forms following 17 annual applications of

various levels of CuSO; and ZnSO,.



REVIEW OF LITERATURE

Chemistry of Soil Copper

Geochemistryv. Copper in the earth's crust is estimated

to vary from 24 to 55 mg/kg (Cox, 1979), while total content
of the element in soills is reported to range from 1 to 8C
mg/kg (Krauskopf, 1972). This large scale of Cu occurrence
in soils indicates that two main factors, parent material
and soil formation processes, govern the initial Cu status
in soils (Kabata-Pendias and Pendias, 1S84).

Copper forms several minerals of which the common pri-

mary minerals ar

<

o®

simple and complex sulfides such as chal-
cocite (Cu,S), covellite (CuS), chalcopyrite (CuFeS,), bor-
nite (CusFeS,;), and cubanite (CuFe,S;) (Krauskopf, 1972;
Cox, 1979). Weathering of Cu containing minerals under oxi-
dizing conditions releases Cu?* (Krauskopf, 1572). The re-

leased Cu will not precipitate as sulfiides since the S pre-

1)

csent in the weathering minerals is oxidized to sulfiate. In

t

the absence of adeguate S, Cu®* can replace Fe?* in primary

and secondary silicate minerals (Baker, 1974).




Forms of Soil Copper. Based on solubility, exchange

reactions, and chemical form, Viets (1962) proposed five
chemical pools of micronutrient cations, such as Cu, in
soil. Those five pools are: (a) water soluble, (b) ex-
changeable cations (c¢) adsorbed, chelated, or complexed
ions, (d) micronutrient cations in secondary clay minerals
and insoluble metal oxides, and (e) cations held in primary
minerals. For soil Cu, McLaren and Crawford (1573a) pre-
sented a similar suite and devised a fractiocnation scheme
using 0.05 M CaCl,, 2.5% acetic acid, 0.1 M K,P,0,, Tamm's
reagent and HF to remove soil solution and exchangeable Cu,
specifically bound Cu, organically bound Cu, occluded Cu in
soil oxides, and residual Cu mainly in clay lattice struc-
tures, respectively. The Cu present in water-soluble, ex-
changeable, and adsorbed forms 1is considered as readily
available to plants; while Cu associated with primary and
secondary soil minerals is relatively unavailable to plants
(Viets, 1962).

The amounts of different Cu forms vary considerably in
soils. Copper present 1n soll solution, exchangeable, and
specifically bound forms represent a small percentage of the
total Cu in most soils (McLaren and Crawford, 1973a;
McBride, 1981). The bulk of the Cu is complexed by organic

matter, occluded in oxides, and entrapped in primary and

secondary minerals.




From the standpoint of uptake by plants, Cu in the soil
solution, as ionic and organically complexed species, 1is of
special importance. However, the guantity of this fraction
is normally very low and often in the pg/kg range (Kabata-
Pendias and Pendias, 1984). Hodgson et al. (1965) reported
that the amounts of Cu in the soil solutions from A horizons
of New York soils varied from 5.0-18.0 pg Cu/kg and the por-
tion of organically complexed species 1in solution vwvaried
from 799 at scil pH 4.5 to 99.2% at soil pH 9.0. Copper in
soll solutions of calcareous Colorado soils ranged from
3.5-39.2 pg Cu/kg and the amount of the complexed species
varied from 96.0% at soil pH 7.6 to 99.8Y% at soil pH 7.9
(Hodgson et al., 1969).

Adsorption of Soil Copprer. Copper ions may be removed

from solution by precipitation of the oxide (CuQ), the hy-
droxide [Cu(QOH),] or the hydroxy carbonate [Cu,(CH),CO;] at
a high pH (McBride, 1981). However, 1%t 1s considered that
the concentraticn of Cu in soil solution is too low for such
precipitates to control the solubility of soil Cu (McBride,
1878; Cavallaro and McBride, 1978; McBride, 1981; James and
Barrow, 1981). Therefore, removal of Cu £from solution is
not due to reaction with other ions in the soclution phase,
which is precipitation; rather i1t is by reaction with atoms

on the surface of the solid phase, which 1is adsorption




(James and Barrow, 1981). McLaren and Crawford (1973b) and
Cavallaro and McBride (1978) suggested that Cu adsorption
takes place by processes other than by normal cation ex-
change reactions. These processes are termed 'specific ad-
sorption' which occurs on clay minerals, organic matter, and
free oxide.

The sorption of trace elements, such as Cu, by soils
and sediments is the subject of an extensive review by Jenne
(1977), who discussed the relative abundance and reactivity
of the various trace element sinks. He concluded that the
important sinks are oxides of iron and manganese, organic
matter, suliides, and carbonates; those of lesser importance
are phosphates, 1iron salts, and clay-size aluminosilicate
minerals. McLaren and Crawford (1973b), based on adsorption
maxima and bonding ensrgies obtained from the Langmuir ad-
sorption equation for whole soils and soil components, con-
cluded that organic matter and Mn oxides were mainly respon-

sible for Cu sorrtion by soils. In a study on Cu and Zn

sorption-desorption with clay fractions separated from two

horizons of an acid soil £from New York, Cavallaro and
McBride (1584) concluded that microcrystalline and ncncrys-
talline oxides in the clay fraction of this soil, represent-
ing < 20% of the clay by weight, precvided reactive surfaces

for the chemisorption c¢f Cu and Zn. At low pH, adsorption




of these surfaces may be the dominant mechanism of heavy me-
tal immobilization.

It is a common observation that adsorption of Cu in-
creases as the soil pH increases (McBride and Blasiak, 1979;
Kuo and Baker, 198C; Harter, 1983). Kuo and 3aker (1880C)
reported that the adsorption maximum for Cu in silty clay
loam soils is about pH 5. Similarly, McBride and Blasiak

(1979) found that for Mardin silt loam, the minimum amount

4
3

of Cu in soil solution occurred in the pH range of 6-7.
a study on specific adsorption of Cu on a hydroxy-aluminum-
montmorillonite complex, Harsh and Doner (1984) reported
that adsorption of Cu increased with pH, and both adsorption
and resistance to extraction with 0.25 M Ba(NO;z;), increased
with time. Low pH decreases the adsorption of metals to

pH-dependent specific adsorption sites on mineral surfaces

and lowers the CEC of soil organic matter (Ellis and Knezek,

b}

1972; Kabata-Pendias and Pendias, 1984). In their extensive

»

review, Stevenson and Alanah Fitch (1981) stated that, among
various types o0f organic substances that play a prominent
role in the binding of Cu in soils, humic and fulvic acids
play a key role. Humic acids kind Cu more tightly than ful-
vic acids, and the stability constants c¢f Cu-humate complex-
es 1ncrease with an increase in degree of humification.

However, as the stronger binding sites become saturated, an




increasing amount cof the Cu will be solubilized through the
action of fulvic acids and simple biochemical compounds.
Jenne (1968) suggestad that soil humus functions in reduc-
tion of ferric and manganic oxides and that the occluded Cu
is released in available forms during reduction of the ox-

ides.

Chemistry of Soil Zinc

Geochemistry. The average content of Zn in the earth's

crust is estimated to be about 70 mg/kg, while total content
of this element in scils varies from 10 to 300 mg/kg (Kraus-
kopf, 1972). Common minerals that contain Zn are sulfides,
carbonates, and silicates; and among these minerals, the
sulfide mineral srhalerite (ZnS) is the most common (Hodg-
son, 1963; Krauskopf, 1972).

The solubilization of 2Zn minerals during weathering
produces mobile Zn®*, especially in acid, oxidizing environ-
ments (Kabata-Pendias and Pendias, 1984). In comparison
with Cu, 2Zn migrates farther from its source in soils,
rocks, and streams; and therefore, it is known as one of the
most mobile of the heavy metals (Krauskopf, 1972). However,
Zn 1is also easily adsorbed by mineral and organic compo-
nents, and its accumulation in the surface horizons of most

soils 1s recognized (Kabata-Pendias and Pendias, 1984).




2inc is also known to substitute for Mg?* in the structure
of the clay minerals (Krauskopf, 1972).

Forms of Soil Zinc. The forms of soil Zn are basically

the same as those of soil Cu (Viets, 1962; Iyengar et al.,
1981). Due to variations in chemistry, the distribution of
Zn among the soil fractions can be expected to be different
from that of soil Cu. As an example, Cu is held more ticht-
ly by humic acid than Zn (Ellis and Knezek, 1972).

Like Cu, the amounts of different Zn forms vary consid-
erably in soils. In their study on the distribution of Zn
in 10 Louisiana soils, Sedberry and Reddy (1976) reported
that averages of 1.7, 0.9, 2.6, 4.4 and 86.4% of the Zn were
in the water-soluble, exchangeable, chelated, organic, and
residual mineral fractions, respectively. Iyengar et al.

(1981) considered that a pcrtion of the residual mineral 2Zn

in these soils was in association with oxides and hydroxides

of Al, Fe, and Mn. Shuman (1979) found that 1 to 7% of the
Zn in 10 Georgia soils was in the exchangeable form and that
averages of 12 and 20Y% were in the organic and noncrystal-
line Fe-cxide forms, respectively. Iyengar et al. (1981)
repcrted that most of the total ZIn in 19 Virginia soils, on
the average, was present in the Al- and Fe-oxide bound
(*25%) and residual mineral (~70%) fractions. The water-solu-

ble plus exchangeable, specifically adsorbed, organically
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bound, and Mn-oxide bound fractions averaged 0.4, 3.3, 2.5,
and 2.0% of the total Zn, respectively.

The amount of Zn in the soil solution, as ionic and or-
ganically complexed species, is generally very low, even in
soils that contain a high amount of total Zn (Shuman, 1980).
Zinc concentration in soil solution ranges from 4 to 270

ug/kg (Kabata-Pendias and Pendias, 1984). Hodgson et al.
(19€5) reported that Zn in soil solution of the A horizon
from some New York soils varied from 48 to 180 ug/kg depend-
ing on soil pH and that the percentage of organically com-
plexed species in soil solution ranged from 41Y% at soil pH
4.1 to 90% at soil pH 8.0. Likewise, the percentage of or-
ganically complexed Zn in soil solutions from calcareous Co-
lorado soils varied from 40% at soil pH 7.6 to 99% at soil
pPH 7.9 (Hodgson et al., 1966).

The mechanism that is consid-

Hh
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Adsorption

ered to control the concentration of Zn in soil solution is
the adsorption cf Zn by clay minerals, hydrous oxides, and
organic matter (Ellis and Knezek, 1972). It was indicated
that the 2Zn adsorption was largely specific sorption (Jenne,
1968; Shuman, 1980). There are two different mechanisms of
Zn adsorption: one in acid media related to cation exchange

sites and the other in alkaline media that is considered to

be chemisorption and is highly influenced by organic ligands
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(Kabata-Pendias and Pendias, 1984). Once Zn cations are ad-
sorbed they may move into lattice positions in clay minerals
(El1lis and Knezek, 1972; Kabata-Pendias and Pendias, 1984).
The adsorption of 2Zn increases with increasing soil pH
(Shuman, 1975; McBride and Blasiak, 1879; farter, 1583).
Shuman (1975) equilibrated four Georgia soils with solutions
containing various levels of Zn (2-128 mg/L) and showed that
the amount of Zn adsorbed by the soils increased with an in-
crease in both soil CEC and pH. Working with a Mardin silt
loam equilibrated with solutions containing 10-7C mg Zn/L,

McBride and Blasiak (1979) found that 2Zn adsorption in-

[

creased with increasing pH. Harter (1983) equilibrated two
soils with wvarying amount of Ca(CH), prior to metal addi-
tion, and found that the amount of Zn retained was dependent

upon pH, with retention dramatically increasing above pH 7.0

to 7.5.

Movement of Applied Copper and Zinc in Soils

Movement of Cu and Zn in soils has generally been con-
sidered to be minimal due to their low solubilities (Dowdy
and Volk, 1983; Ellis et al., 1983). Copper and Zn movement
from the zone of application could occur by diffusion, eith-

er as a free ion or as a complex, by mass flow with the wa-

ter front, or by movement of metal-laden particulates




through open channels in soil (Dowdy and Volk, 1983). From
these mechanisms, mass flow 1is considered the principle me-
ans by which Cu, Zn and other heavy metals move appreciable
distances within soils.

Laboratory Studies. Copper has been shown to move

downward only 1n soils with a sandy texture. Jones and
Belling (1967) applied radicactive Cu (®*Cu) on the surface
of columns packed with topscils of varying properties and
then leached the columns with deionized water equivalent to
one year of rainfall. They found that movement of Cu (1-3
cm) was detected only in sandy soils of low cation exchange
capacity. Sommers et al. (1979) studied the movement of Cu
and some other metals through intact 50~cm core of five In-
diana scils ranging in textures from a sand to a silty clay
loam and in surface pH from 4.7 to 6.3. They found that es-
sentially all added metals were retained within the zone of
incorporation, even on the sand texture with a pH of 4.9.
They incorporated a digested sludge containing 540 mg 2Zn,
2170 mg Cu, 540 mg Pb, 740 mg Ni, and 480 mg Cd/kg into the
upper 7.5 cm soil layer at a rate equivalent to 22.4 t/ha

stilled

-

and leached the columns monthly with 3.2 cm of d

water over a l-year period.

ct

Zinc was reported to be more mobile than Cu (Gilk

Y

s 2

al., 1975). They applied 1l-g samples of commercial granu-




lated Cu-Zn phosphate (0.66% Cu and 0.52% 2Zn) to the surface
of a yellow podzolic soil (90% sand and 8% clay) which was
packed in columns. Each column received 90 leaches of 1 cm
of water. They found that a very small portion of the Cu
was leached to a depth of 20 mm by 60 leaches, while Zn in
the leachate from the soil columns increased during the
first 30 leaches and then gradually declined. Similar to
Cu, 1t was noted that downward movement of applied Zn occur-
red in soils of lighter texture (Singh, 1974). He compared
§5Zn movement in a sandy and a loamy soil. 2Zinc moved 12 cm
in the sandy soil and 8 cm in the locamy soil after the soils
received 30 cm cf water, and proporticnally larger amounts
of Zn moved to a lower depth in both soils when the rats of
water application was increased to 120 cm.

Experimental results <£from many column studies have
shown that, when Cu and 2Zn were applied with sewage sludge,
they practically remained within the zone of incorporation
(Emmerich et al., 1982; Sommers et al., 1979; Giordano and
Mortedt, 1976). Dowdy and Volk (1983) suggested that mobil-
ity of trace metals, including Cu and Zn, applied as incr-
ganic salts was greater under excessivse leaching when the
metals were applied with sewage sludge.

Field Studies. Little downward movement cf Cu was re-

ported to occur 1in organic soils. Lundbland et al. (1949)




applied Cu as CuSO,; to a peat soil in Sweden at rates of O,
25, and 250 kg/ha. After six years of application, downward
movement of Cu was not detected in the soil that received 25
kg CuSO,/ha; while approximately 0.2% of the applied Cu was
detected at depths lower than five cm in the soil that re-
ceived 250 kg CuS0O4/ha. They also applied Cu as CuSO, to a
mineral soil at the same rates as those for the peat soil.
They found that downward movement of Cu in the mineral soil
was slightly greater than in the peat soil.

In their study on the effect of soil type on mobility
of Zn in the soil, Barrows et al. (1960) concluded that the
movement of Zn through the soils could not be explained on
the basis of any one chemical or physical scil property, but
rather by a combination of soill properties. They added

ZnS0, to tung (Aleurites fordiil) trees at levels of O, 28.4,

56.8, and 113.5 g/tree on four soils (one fine sand, two
fine sandv locams, and one loamv £fine sand). They found that
the depth of Zn movement varied from none to 61 cm in these
soils.

Most of the recent field studies on the movement of Cu
and Zn in soils are with application of the metals as sewage
sludge. Numerous observations reviewed by Dowdy and Volk
(1983) showed retenticn of about 95% of Cu and Zn in the C

to 30-cm depth after application of sewage sludge to soil.




Zinc was considered to be more mobile than Cu. Kelling et
al. (1977) determined the extractable metals in soils, which
had been treated with sewage sludge, and found somewhat in-
creased levels of Cu, Cd, and Ni at the 15 to 30-cm depth,
but indicated that the increass was related to tillage in-
corporation. The Zn concentration was found to increase at
depths .greater than 30 cm and, therefore, they concluded
some downward movement of Zn did occur.

In summary, although some studies have indicated down-
ward movement of Cu and Zn to layers below either the so0il
surface or the depth of incorporation, it appears that the
magnitude of their movement 1is very small. Downward move-
ment of Cu and Zn most likely will occur with large applica-

ticns to a sandy, acid, low organic matter soil that re-

ceives high rainfall or irrigation. Leaching of Zn in soil

appears to be relatively greater than that of Cu.

Plant Uptake of Copper and Zinc

Soil Properties Affecting Copver

Soil Cu and Zn must be in an available
be taken up by plants. In relation
availability of either soil Cu or 2Zn
taxture, and organic matter content

Pendias, 1984).




An increase in soil pH tends to decrease the plant
availability of Cu, except in organic soils where the re-
verse may be true (Hodgscn, 1963). Soil texture is of im-
portance in determining the amount of Cu needed by Cu-res-
ponsive crops (Bakexr, 1574). He estimated that 6.72 kg
Cu/ha/year cculd be applied for 5 to 10 years on some sandy
soils and for 60 or more years on soils with a high cation
exchange capécity. Hodgson (1963) stated that soils high in
organic matter have a high Cu fixing capacity. Up to 224 kg
CuSC,/ha are required to correct Cu deficiencies on sone
muck socils.

The plant availability of soil Zn varies inversely with

soll pH (Hedgson, 1963; Giordano and Mortvedt, 1980). Due

to this relationship, 2Zn deficiency is most prevalent on

calcareous soils of pH 7.4 or higher (Giordano and Mortvedt,
1980). Liming acid soils, especially those which are coarse
textured, may induce 2Zn deficiency. Soil organic matter
contains an important reserve of available 2Zn for crops.
For this reason, 2n deficiency has been associated with ir-
rigated soils from which topsoil has been removed by land
leveling (Giocrdano and Mortvedt, 1¢80C).

Copper and 2Zn reach plant roots by diffusion, mass
flow, and root interception (Wilkinson, 1972). Movement of

Cu to a plant root can be accounted for by convection (mass
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flow) and aided by root interception (Ellis et al., 1983).
According to studies by Oliver and Barber (1966), diffusion
accounted for less than 5% of the total Cu absorbed by the
plant. On the other hand, diffusion was the principle means
of Zn movement to the root surface. This was confirmed by
other studies (Ellis et al., 1983; Gicordano and Mortvedrt,
1880). It was noted that, although total Cu levels in soil
solution are similar to thcse of Zn for many soils, total Cu
uptake by plants 1is an order of magnitude lower than for Zn
(Ellis et al., 1983).

Normal Ranges in Plant Tissue. The ranges of 5-20 mg

Cu/kg and 25-150C mg Zn/kg in mature plant leaf tissue have
been reported to be sufficient for plant growth (Jones,
1872). Plants are considered to contain inadeguate Cu or Zn
if their mature leaves contain <4 mg Cu/kg or <20 mg 2Zn/kg.
Excessive or toxic concentrations of Cu and Zn would be >20
and >400 mg/kg for mature leaves, respectively. Critical Cu

and Zn concentrations for corn (Zea mays L.) were reported

to be 5 mg Cu/kg and 15 mg Zn/kg 1in earleaves at the early-
silk growth stage (Jones and Eck, 1973). A sufficiency
range oI 1-5 mg Cu/kg in corn grain at plant maturity was
also reported. Kabata-Pendias and Pendias (1984) listed a

mean Zn content of about 25-36 mg/kg in corn grain depending

on the sources they cited.




Differential Response of Plant Genotypes. The uptake

of Cu and Z2n by plants differs among species and among var-
ieties within a species (Brown et al., 1972). In his study
on responses of genotypes to Cu, Nambiar (1976) found that
in the absence of applied Cu only one genotype out of nine
genotypes of various cereal crops produced grain; but when
0.1 mg Cu was sapplied per pot, five of the nine genotypes
produced some grain. He also indicated that the sensitivity
to Cu differed in various genotypes and those with relative-
lyv higher vield potentials were less sensitive to Cu defi-
ciency than ones with lower yield potentials.

Rao et al. (1977) studied three sovbean [Glvcins max

(L.) Merr.] cultivars that differed in

of
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sorb Zn. In addition to total uptake differences, the dis-
tribution of Zn in plant parts wvaried among the cultivars.
Working with corn hybrids, Terman et al. (1975) suggested
that differences in the absorption of 2Zn or other nutrients
by corn hybrids are influenced through genetic effects ¢on

grcwth rates and vield potentials.

Differences in Accumulation i Plant Parc<s. Plants

tend to accumulate more Cu and Zn in their roct system than
in their aerial parts (Loneragan, 1981; Tiffin, 1972). This
was also reported to occur in corn (Dragun et al., 1976).

They used a split root procedure for growing corn seedlings
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in receptacles containing 100 g Hagerstown silt loam and
nutrient solutions containing from 0.01 to 0.64 mg Cu/L.
After four weeks, Cu concentrations in the corn shoots and
roots were 12.8 and 99.3 mg/kg when grown in the 0.01 mg
Cu/L solution and 13.0 and 1008.% mg/kg when grown in the
0.64 mg Cu/L solution, respectively. In the case of Zn that
was added initially to the soil at a rate of 6.0 mg/L, the
Zn concentration in the corn tops varied from 22.8-40.3 mg/
kg and in the roots from 43.0-134 mg/kg.

Copper 1s considered to have low mobility relative to
other elements in plants and most of this metal appears to
remain in root and leaf tissues until they senesce (Kabata-
Pendias and Pendias, 1984). On the other hand, 2n is cocn-
sidered to have intermediate to high mobility in plants.
With luxury levels of soil Zn, this element may be translo-
cated from the roots and accumulated by the plant shoots
(Kabata-Pendias and Pendias, 1984).

Interactions with Other Elements. It has been observed

that either Cu or 2Zn may undergo interactions with other
elements within plant tissues and also in external root me-
dia, especially in the uptake-transport processes (Clsen,
1872; Kabata-Pendias and Pendias, 1984). Among many ob-
served interactions, those of either Cu or Zn with P and Fe

have been the subject of many studies. Interaction with P




is antagonistic in character and is known to induce Cu or 2n
deficiency (Olsen, 1972). This antagonism appears to be
based, to a great extent, on chemical reactions in the root
media. Synergism between P and Zn was also observed in some
plants (Kabata-Pendias and Pendias, 1984).

Copper- or Zn-Fe antagonism mayv result in a decrease in
Fe concentration in plants and leads tc Fe chlorcsis (Kaba-
ta-Pendias and Pendias, 1984; Giordano and Mortvedt, 1980).
Iron reduces Cu absorption from soil solutions, especially
on peat soils. The toxic effects of Cu can be decreased by
additions of Fe, but the adverse effect of high Cu has never
been completely overcome by Fe (Olsen, 1972). The Zn-Fe an-
+ + ln

tagonism may occur via competition between Zn° and Fe

the uptake processes and through interference in chelation
processes during the uptake and translocation of Fe from the
roots to tops (Olsen, 1972; Kabata-Pendias and Pendias,
1984). Also, Fe decreases Zn absorption and the toxicity of
Zn that was absorbed.

Interactions between Cu and Zn have been commonlyv ob-
served (Olsen, 1972; Graham, 1981). The interactions may

v

occur either in sci

S or in the process cf plant uptake. In

(=]

thelr study on Z2n and Cu sorption and interaction in four

California soils, Kurdi and Doner (1982) found that sorbed

Cu was only slightly affected by Zn additions; however, 2Zn




sorption was greatly affected by the Cu additions. They in-
dicated that these phenomena demonstrate the inability of Zn
to compete strongly with Cu for the sorption sites. Graham
(1981) stated that Cu and 2Zn apparently are absorbed by
roots via the same mechanism and, therefore, the uptake of
one element 1s competitively inhibited by the other. The
significant effect of this interaction in plant uptake is
usually observed in an environment of low supply of either

Cu or Z2n (Olsen, 1972).

Response of Corn to Cu and Zn Applications

Copper and Zn Applied to Soils as Wastes. There are
concerns about effects of long-term applications of sludges
and manures with high heavy metal contents on the food chain
and on crop production (Logan and Chaney, 1983). Guidelines
for the application of sludges to agricultural land have
been established (Sommers and Nelson, 1978). The soil pH of
the disposal site must be 6.5 or more to prevent metal tox-
icity. Maximum sludge loading rates for Cd, Cu, Ni, Pb, and
Zn are based on soil CEC (Table 1). There have been many
studies on corn response relative to soil Cu and Zn contents
from sludge application.

Field research was conducted on a Warsaw silt lcam to

study the effects of long-term applications of sewage sludge




Table 1.

Total amount of sludge metals allowed on
agricultural land.

1120

560

280

280
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on soil Cu and Zn status and on corn tissue Cu and Zn con-
centrations (Kirkham, 1975). This soil had received 35 an-
nual applications from 1930-1965 of an estimated 28 t muni-
cipal sludge/ha. The top 61 cm of the amended soil contained
4.4 t Cu and 10.7 t Zn/ha in 1973. Total Cu in the top 30
cm of the amended soil was increased by 792 mg Cu/kg, while
total Zn was increased by 1,907 mg Zn/kg. Corn grown on the
soil in 1973 contained 12, 40, and 617 mg Cu/kg and 79, 196
and 1,349 mg Zn/kg in grain, leaves, and roots, respective-
ly. Corn on control plots contained 8, 10, and 85 mg Cu/kg
and 12, 67, and 236 mg Zn/kKg in grain, leaves, and roots,
respectively.

Corn response to a single application of anaercbically
digested sewage sludge was investigated by Ritter and East-

burn (1978) on a Metapeake silt loam (pH = 5.8, 2.39% OM, CEC

9.5 cmol(+)/kg). The highest rate of sludge application
supplied 26.3 kg Cu and 87.6 kg Zn/ha. They fcund that the
sludge application did not increase the Cu content of corn
seedlings, ear leaves, or grain. The same results were ob-
tained for Zn, except that the 2Zn concentraion in ear leaves
wés increased by 19 mg/kg on plots with the highest rate of
application. Sheaffer et al. (1579) studied corn response
to a single application of anaerobically digested sewage

sludge but at a much higher rate of application. They




worked with a Sassafras sandy loam (pH = 5.6, 1.3% OM, CEC =
5.62 cmol(+)/kg) amended with a 0, 56, and 112 t sludge/ha
on a dry weight basis. The highest rate of application sup-
plied 246.4 kg Cu and 492.8 kg Z2n/ha. Both rates of sludge
application increased Cu and Zn concentrations in corn see-
dlings, ear leaves, grain, and stover. But the increase of
Cu in grain was not significant at 0.05 level of probabili-
ty.

Response of corn to sludge application that supplied a
total of 1,290 kg Zn/ha over a period of five years was stu-
died by Hinesly et al. (19739) on a Blount silt loam. Corn
was grown during the last two vears of sludge application
and four vears follecwing sludge application. They repcrted
that sludge applications did not affect corn yields in com-
parison with control plots. During the £inal vyear, the
1,290 kg Zn/ha from sludge application increased the Zn con-
centrations in corn ear leaves and grzin by 103 and 14 mg
Zn/kKg, respectively. But four years after sludge applica-
tion, 2Zn concentration in ear leaves was increased by only
22 mg Zn/kg and Zn cocncentration was not increased in corn
grain.

Kirleis et al. (1982) investigated the effect of sewage
sludge application on the compecsition of corn grain and

fractions obtained by dry-milling. Corn 'Beck's 65X' was




grown on soil amended with 56 to 448 t sewage sludge/ha from
three treatment plants. Corn grain yields were not adverse-
ly affected by sewage sludge applications. Also, Cu and 2Zn
contents of the grain were not increased by the sewage
sludge treatments.

Corn response to three annual applications of
riched hog manure on Groseclose silt loam (clavey,
mesic Typic Hapludult) was 1investigated by Kornegay et al.
(1976). They incorporated manure from hogs fed diets with O
and 307 mg Cu/kg of supplemental CuSO, intoc the soil. Three
annual applications supplied an average of 24 kg Cu/ha/year.
The manure applications increased Cu concentrations in corn

ear leaves, but did not affect either corn-grain yields or

Cu concentrations.

A study on the effects of Cu-enriched hog manure appli-
cations on Cu availability, form, and mobility in one Alfi-
sol and two Ultisols was c¢onducted by Mullins et al.
(1982b) . Five field treatments applied tc the three soils
annually for three years were 33.6 and 67.2 t/ha of wet ma-
nure from hogs on high-Cu diets, Cu levels as CuS0O, egquiva-
lent tc that in the manure, and a control. The highest ma-
nure rate supplied from 55.6 to 65.6 kg Cu/ha in the soils
over the three vyears. Application of these levels of Cu as

either CuSO,; or Cu-enriched hog manure did not decrease corn




grain yields on the three socils. In some cases, the Cu ap-
plications caused relatively small increases in Cu concen-
trations in corn ear leaves and grain.

Copper and Zn Applied to Soils as Inorganic Salts.

There are few data in the literature from field study on
corn response tc Cu and Zn applications as inorganic salts.
Some studies have been conducted to determine the effects of

relatively large applications of these micronutrients on

other crops, such as snapbean (Phaseolus wvulgaris L.) and

soybean (Glvcine max L. Merx.).

Walsh et al. (1972b) found that a single application of
Zn as ZnS0,, equivalent to 81 years of fungicide application
(363 kg Zn/ha), decreased snapbean yisld on a Plainfield
loamy sand (mixed, mesic Typic Udipsamment) during the £first
growing season, but did not affect yield during the second
growing season. Yield of corn, which was grown during the
fourth growing season following ZnSO, aprlication, was not
affected by Zn appvlication. However, the Zn concentration
in corn leaves was increased by 139.4 mg Zn/kg. In a study
on snapbean response to Cu, Walsh et al. (1972a) found that
a single aprlicaticn of Cu as CuSC,, =guivalent to 27 years
of fungicide application (486 kg Cu/ha), decreased snapbean

yields on the Plainfield loamy sand during twc successive

growing seasons. Martens et al. (1974) reported that six




annual applications of up to 8.4 kg Cu and 11.1 kg Zn/ha as
sulfates did not adversely affect soybean growth on a David-
son clay loam (clayey, kaolinitic, thermic Rhodic Paleudult)
and a Marlboro fine sandy loam (clayey, kaolinitic, thermic
Typic Paleudult).

A field study on corn response to Cu and Zn as sulfates

was conducted by Brown and McCormick (1971). Copper and Zn
were applied to Mexico (pE = 7.1, 2.5% OM, CEC = 16.8
cmol(+)/kg) and Marshall (pH = 6.5, 3% OM, CEC = 17.5

cmol(+)/Kg) soils at rates of 11.2 kg Cu/ha, and 11.2 and
22.4 kg Zn/ha. Vields of corn grain were not affected on
the socils by the Cu and 2Zn treatments. The Zn treatments
increased Zn concentrations in corn ear leaves.

A study that was the predecessor of the study reported
in this thesis was conducted by Mullins et al. (1982a).
They found that neither corn grain nor silage yields were
affected by 15 years of applications of various levels of Cu
and Zn sulfates, which provided a cumulative total of 171.7
kg Cu/ha and/or 290.4 kg Zn/ha. Copper concentrations in
ear leaves sampled at the early silk growth stage generally
were not affected by the Cu applications, whereas Zn ccncen-
trations in the ear leaves varied directly with levels of Zn
arplication. Similarly, the Cu concentrations in corn grain

were unaffected by the Cu applications, but the 2Zn concen-
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traitons in corn grain were increased by the Zn applica-

tions.




MATERIALS AND METHCDS

A long-term field experiment was conducted to evaluate
corn (Zea mays L.) response to applications of Cu and Zn

sulfates. The field experiment was initiated in 1967 and

continued through 1984 on a Davidson silty clay soil (clay-

ey, kaolinitic, thermic Rhodic Paleudult) located in Crange,
Virginia. Corn was grown on the experimental area each

year, except in 1972, when soybeans [Glvcine max L. Merr.]

were grown on the site.

Field Experimentation

Five treatments applied to the soil annually during the
18-year period from 1967 through 1984 consisted of various
levels of Cu and Zn sulfates, either alone or together, and
a control (Table 2). The treatments were arranged in a ran-
domized complete block design with four replications
with a plot size of 5.0 and 7.6 m.

Boron, Mg, N, P, and K as Na borate, MgO, NE,NOj;,
ple superphosprhate, and KCl, respectively, were applied to
the experimental area at levels to prevent these deficien-

cies. The entire experimental area received 1.1 kg B, 168




Table 2. Total Cu and Zn applied to the Davidson soil as
sulfates during the 17th and 18th vears of the

long-term field experiment.

Treatment
number Cu
1 0.
2 0.
3 142.
4 279.

5 279.

151.

334.

334.
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kg Mg, 263 kg N, 39 kg P and 74 kg K/ha. The Cu and Zn sul-
fates for the treatments were broadcast on the soil surface
on April 3, 1984 and disked into the soil to a depth of ap-
proximately 12 cm. 'Pioneer 3192' corn was grown on the ex-
perimental area at a population of 57,400 plants/ha. Weeds
were controlled on the experimental area by herbicide appli-
cation. A total of 9.8 cm of supplemental water was applied
to the experimental area by irrigation. Corn grain and
stalk (earless shoot) yields were determined for each plot
of the field experiment at plant maturity. The grain vields
were reported at 15.5% moisture whereas stalk vyields were

reported on a dry weight basis.

Corn Tissue Analvsis

Plant tissue samples consisted of ten ear leaves/plot
sampled at the early silk growth stage and of grain shelled
from 10 ears/plot at plant maturity. The ear leaf and grain
samples were dried at 70 C for 48 h and ground to pass a
20-mesh screen in preparation for Cu and Zn analyses. One-g
subsamples of the ear leaf tissue were dry-ashed at 450 C

for 2 h. The ash was equilibrated with successive 1C-, 10-

and 5- mL portions of 0.5 M HCl for 1 h and filtered through

Whatman no. 42 filter paper. Copper and Zn in the combined

filtrate were determined by atomic absorption spectrophoto-
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metry. One-g subsamples of grain were digested in a
HNO;-HC104, diluted to 35 mL with water, and filtered
through Whatman no. 42 filter paper. Copper and 2Zn in the
filtrate were determined by atomic absorption spectrophoto-

metry.

Soil Analvyses

Before application of the treatments, soil samples were
collected on April 3, 1984 for soil characterization, DTPA-
extractable Cu and Z2n, and Cu and Zn fractionation analyses.
The C- to 20-cm soil layer (Ap horizon) was sampled from all
plots, and the 25- to 33-cm soil laver was sampled froem four
replications of selected treatments. Ten soil cores/plot
were collected using a sampling probe with a 1.9-cm diame-
ter. Scil samples were air dried and ground to pass a
10-mesh sieve.

Soil Characterization Analyses. Soil characterizaticn

analyses were completed on Ap horizon samples from the four
replicates of the control treatment. Soil pH was determined
with a glass electrode using a 1:1 soil-to-water ratio and a
1-n equilibration period. Organic matter was determined by a
dichromic acid (H,Cr,0,) oxidation technicque (Walkley and

Black, 1934), free Fe by a dithionite-citrate-bicarbonate

procedure (Mehra and Jackson, 1960), CEC by a 0.5 M Ca ace-
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tate (pH 7.0) saturation and 0.5 M Mg acetate (pH 7.0) dis-
placement procedure, and particle-size distribution by a pi-
pet method (Kilmer and Alexander, 1949).

Mineralogical analysis of the silt and clay fractions
was conducted after organic matter and free Fe oxides remo-
val. Organic matter was removed from the sample with H,0,
buffered in M NaOAc (pH 5.0) and free Fe oxides with ci-
.trate-bicarbonate-dithionite. The sample was dispersed with
0.5 M Na,C0; and the sand fraction removed by wet sieving on
a 300-mesh sieve. Silt was separated from the clay fraction
by centrifugation.

The clay fraction was flocculated with solid NaCl and
washed twice with distilled water. Approximately one-half
of the clay was K-saturated and the remainder was Mg-satu-
rated by repeated washings with 1 M KCl and 0.5 M MgCl, so-
lutions, respectively. Oriented X-ray diffraction mounts of
the K- and Mg-saturated clay were made by a millipore filter
technique. Water was remcved from an aligquot of clay sus-
pension by suction with a 0.47 p £filter. The Mg-saturated

clay sample was also glycerol sclvated with a 20% glvcerol

solution. The c¢lay was then transferred to a glass slide
and allowed to dry. X-ray diffractograms were obtained us-
ing CuKa radiation. Analyses were performed on both samples

at room temperature (25 C) and after heating to 110 C for 4




h. For the K-saturated mount, X-ray analyses were completed
with two additional 4-h heat treatments at 300 and 550 C,
respectively. Percentages of the minerals in the.clay frac-
tion were estimated by visual comparison of relative peak
intensities with standard minerals.

A random powder mount was made oif the dried silt, and
X-ray analysis was performed at 25 C. Quantification of

mineral species was performed by the aforementioned peak in-

ay fraction.

1

tensity comparisons for ¢

DTPA-extractable Cu and Zn Analyses. To evaluate down-

ward movement of applied Cu and Zn, DTPA-extractable Cu and
Zn were determined 1in samples from the two depths. The
DTPA-extractable Cu and Zn were determined by the procedure
devised by Lindsay and Norvell (13878). Ten g of air-dry
soil was extracted in duplicate with 20 mL of DTPA extract-
ing solution (C.005 M DTPA, 0.1 M triethanolamine, and 0.01
M CaCl,, with a pH of 7.3). The extraction was performed by
shaking the suspension for 2 h on a reciprocating shaker at
a rate of 120 cycles/min. The suspension was centrifuged
for 10 min at 2,000 rpm and filtered through Whatman no. 42
filter paper. Copper and Zn in the extract were determined
by atomic absorption spectrophctometry.

Copper and Zn Fractionation Analyses. A seguential ex-

traction procedure was used to determine soil solution and




exchangeable, specifically adsorbed, organically bound, free
oxide bound, and residual Cu and 2Zn fractions in the Ap hor-
izon samples. The seguential extraction procedure used was
a modified version of the McLaren and Crawford (1973a) frac-
tionaticn scheme. Table 3 lists the so0il fractions, their
extractants abbreviations.

Soil-solution and exchangeable Cu and Zn ({(Ca-Cu and
Ca-Zn) were extracted by shaking 5 g of air-dry soil (<2mm)
in 50 mL of 0.25 M CaCl; for 24 h on a reciprocating shaker
at 120 cycles/minute. The suspension was centrifuged at
2000 rpm for 10 min, and the supernatant was decanted and
saved for Cu and Zn analyvses.

Specifically adsorbed Cu and 2n (AAC-Cu and AAC-Zn)
were extracted by adding 50 mL of 2.3% acetic acid to the
residue from above and then by shaking the suspension for 24
h. The solution was decanted after the sample was centri-
fuged at 2000 rpm for 10 min. The decant was saved for Cu
and Zn analyses, and the remaining soil residue was discard-
ed.

Organically bound Cu and Zn (PYR-Cu and PYR-Zn) were

extracted by shaking a 0.5-g sample of air-dry soil with 50

mL of 0.1 M K4P,0, for 16 h. The suspension was centrifuged

at 2C00 rpm for 10 min and the supernatant was saved for Cu

and 2Zn analyses. The PYR-Cu and PYR-Zn were calculated by




Table 3. Sequential soil Cu and Z2n fractionation scheme used
to fractionate Ap horizon samples of the Davidson
soil after 17 annual Cu and Zn applications.

Abbreviation

Soil solution and .25 M CaC12
exchangeable

Specifically adsorbed .5% acetic acid AAC-Cu/Zn

Organically bound .1 M potassium PYR-Cu/Zn
pyrophosphate

Free oxide bound 0.1 M oxalic acid, 0.175 M O0X-Cu/Zn
NH,* -oxalate, pH 3.25

Residual [total Cu/Zn]-[sum of other RES-Cu/Zn
fracticns]
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subtraction of Ca- and AAC-Cu or 2Zn from the 0.1 M
K4P,0,-extractable Cu or Zn, respectively.

The residue from the soil used for extraction of organ-
ically bound Cu and Z2n was washed with 50 mL of deionized
water. To determine free oxide-bound Cu and Zn (0X¥-Cu and
0X-2Zn), the washed residue was transfsrred to a 100-mL beak-
er with 25 mL of 0.1 M oxalic acid-0.175 M NH,;*-oxalate so-
lution at pH 3.25 (Tamm's reagent). The beaker was covered
with saran wrap (having one pin hole) to prevent evaporation
and the soil hvdrexides and oxides were extracted by placing
the beaker in a hot water bath and agitating under uv light
for 3 h at a rate of 250 rpm (Miller, 1981). The suspension
was transferred to a centrifuge tube, cenitrifuged at 1000
rpom for 5 min, and the supernatant was saved for Cu and Zn
analyses. The residue was washed with 15 mL of Tamm's rea-
gent, centrifuged at 1000 rpm for 5 min, and the wash was
combined with the initial extract.

To determine residual Cu and Zn (RES-Cu and RES3-Zn),
total Cu and Zn analyses were conducted by the procedures

05

i

described by Bernus (1968). Samples of 0.5-g oven-drv (

(==}

C, <100-mesh) soil were placed in teflon bombks containing
mL of agua regia and 10 mL of HF. The bombs were assembled

in metal containers and heated at 110 C rfor three h. The

cooled digests were transferred into a 50-mL wvolumetric
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flask containing 1.4 g beoric acid and 5 mL of deionized wa-
ter. Complete transfer of the digests to the flask was ac-
complished with deionized water. The solutions were diluted
to a 50-mL volume with deionized water, transferred to a
centrifuge tube, and centrifuged at 2000 rpm for 5 minutes.
The supernatants were saved for Cu and Zn analyses. RES-Cu
or RES-Zn was calculated by subtracting the sum of other
fractions from the total Cu or Zn, respectively.

Copper and Zn in the various solutions, from the above
fractionation scheme, were determined by atomic absorption

spectrophotometry.

Statistical Analvses

Corn vyield, Cu and 2n concentrations in corn tissue,
DTPA-extractable Cu and Zn, and Cu and Zn fractionation data
were evaluated by analyses of variance (Anova). Mean sepa-
raticns were performed by linear contrasts when the F-value
of the Anova was significant at the 0.05 probability level.

These analyses were performed on an IBM 3081 computer uti-

lizing SAS programs (SAS Institute, Inc., 1882).




RESULTS AND DISCUSSION

A long-term field experiment was conducted to determine
the response of corn to 18 annual CuS0O; and ZnSC, applica-
tions which provided a cumulative total of 334.0 kg Cu and
£695.4 kg Zn/ha. Corn response to the applied Cu and Zn were
evaluated from the measurements of corn-grain and -stalk
(earless shoot) yields and of Cu and 2n concentrations in
corn tissue. Downward movement and reversion of Cu and Zn in
soil following 17 annual CuSO,; and ZnSO, applications that
provided a cumulative total of 279.9 kg Cu and 560.1 kg Zn/

ha were also investigated.

Soil Properties

The soil used in this long-term field study was a Da-
vidson silty clay soil located in the Piedmont region of
Virginia (Tables 4 and 5). This is a highly weathered soil.
The Ap horizon of the soil contained mainly kaolinite and
14-A intergrade clay mineralils and had a low organic matter
content, moderate CEC, and very high free Fe content. The

z

pE of the soil of 6.3 was very close to &.5, which has been

suggested for soils used for applications of heavy metals

(Sommers and Nelson, 1978).
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Table 4. Properties of the Davidscon soil used to
evaluate Cu and Zn uptakes by corn plants
where these micronutrients were applied
annually for 18 years.

Soil ;;;perty Value
soil p# 6.3
Organic matter, g/kg 15
Free iron, g/kg 59

Cation exchange capacity, cmol(+)/kg 11.2
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Table 5. Physical and mineralogical properties of the
Davidson soil used to evaluate Cu and Zn uptakes
by corn plants where these micronutrients were
applied annually for 18 years

Particle size analysis* Mineralogy**
Sand Silt Clay Texture Silt Clay
------- g/100g---=----

9 41 5C Silty Clay Q(85), M(10) K(40), I(30)
F(5) Q(l0), M(1l0)
G(5), F(5)

*#*K = kaolinite; I = intergrade; Q = quartz; M = mica;
F = feldspar; G = gibbsite. Approximate percentages of
each mineral are in parentheses.
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Corn Yields

Corn-grain yields were not decreased by 18 annual ap-
plications of various levels of Cu and Zn in 1984 (Table 6).
Likewise, corn-stalk yields were unaffected by the Cu and Zn
applications. The overall corn yield that was relatively
high was attributable to irrigation and to adequate nut-
rients.

In relation to Cu and Zn application as sewage sludge,
the hicghest levels of applied Cu and Z2n in this experiment
(Table 2) exceed the limitations given by Sommers and Nelson
(1878) (Table 1). Therefore, the non-significant effects of

the treatments on corn vields (Table 6) indicate that the

th

data with sewage sludge may not be directly applicable for
determination of tolerable Cu and Zn loading rates from so-
luble inorganic sources. This was expected because plants

absorb different amounts of Cu and Zn from soluble inorganic

sources than from sewage sludge (Cunningham et al., 1975).

Copper and Zn Concentrations in Corn Tissue

Eighteen annual applications of various levels of Cu
and Zn, which provided a cumulative total of up to 334.0 kg
Cu/ha, did not affect Cu concentrations in corn grain (Table

7). Copper concentration in ear leaves was increased by the

highest level of Cu application, but was not affected by the
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Table 6. Grain and stalk yields after 18 annual applications
of various levels of Cu and Zn to the Davidson soil.

Total micronutrient
application Corn yield

Treatment ------~---=--=----=---- ~-ccecceccem—— e m e

number Cu Zn Grain Stalk
———————————————————— kg/ha------------=-cceccm

1 0.0 0.0 12,100 8,738

2 0.0 695.4 11,506 8,517

3 151.2 199.8 12,062 8,970

4 334.0 0.0 12,082 8,239

5 334.0 695.4 11,981 8,297
------- F value --------

Analysis of variance 1.47ns 1.20ns

ns Not significant at the 0.05 level of probability.
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Table 7. Copper concentrations in corn tissue after
18 annual applications of various levels of Cu
and Zn to the Davidson soil.

Total micronutrient Copper concentration
application in corn tissue
Treatment  —=--=c-cccmmcmcem e et e e
number Cu Zn Grain Ear leaf
------ kg/ha=======-=- --=-=-- mg Cu/kg-------
1 0.0 0.0 2.2 19.9
2 0.0 695.4 2.3 20.4
3 151.2 199.8 2.0 21.0
4 334.0 0.0 2.0 21.4
5 334.0 £95.4 2.3 21.7
----- F value -=-=-=---
Analysis of variance: 0.71ns 3.57%*
Linear contrasts:
Treat. 1, 2 vs 3 -~ 2.99ns
Treat. 3 vs 4, 5 -- 1l.46ns
Treat. 1, 2 vs 4, 5 - 12.94*x*
Treat. 4 vs 5 -- 0.44ns

**Significant at the 0.01 level of prcbability.
*Significant at the 0.05 level of probability.
ns Not significant at the 0.05 level of probability
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moderate level of Cu application (Table 7). Linear contrast
for treatment 4 versus treatment 5 showed that applied Zn
did not interact with Cu uptake by corn.

The Zn concentration in corn grain was increased only
by the highest level of Zn application, which provided a cu-
mulative total cf 695.4 kg Zn/ha (Table 8). Concentrations
of Zn 1in ear leaves varied directly with cumulative levels
of applied Zn (Table 8). Linear contrast for treatment 2
versus treatment 5 indicated that in this experiment applied
Cu did not interact with Zn uptake by corn.

In general, these corn tissue Cu and Zn data paralleled
the previous findings by Mullins et al. (198Za). Except for
data on Cu concentrations in corn grain, the differences
between the two studies were in the absolute values ocbtained
as the conseguence of higher cumulative amounts of Cu and Zn
application. Nevertheless, in all cases, the Cu and 2Zn con-
centraticons in corn grain and ear leaves in this study (Ta-
bles 7 and 8) were still within the normal ranges (Jones,
1972; Jones and Eck, 1573; Kabata-Pendias and Pendias,
1984). It is possible that Cu and Zn were absorbed by corn

roots, but not transported to asrial plant parts as has been

shown by Dragun et al. (1976).
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Table 8. Zinc concentrations in corn tissue after 18-annual
applications of various levels of Cu and Zn to the
Davidson soil.

Total micronutrient Zinc concentration
Treatment application in corn tissue
number = ==ee---m-------------- | mm e ——mmeeeem-———————
Cu Zn Grain Ear leaf
------- kg/ha ------- ------ mg Z2n/kg ------
1 0.0 0.0 16.3 19.6
4 334.0 0.0 17.1 21.1
3 151.2 199.8 17.0 25.0
2 0.0 £95.4 24.9 41.9
S 334.0 £95.4 26.4 41.8
------ F value -------
Analysis of variance: 14.47*%* 64.89**

Linear contrasts:

Treat. 1, 4 vs 3 0.03ns 7.60%*

Treat. 3 vs 2, 5 30.29%%* 99.61**
Treat. 1, 4 vs 2, 5 48 . 52*%%* 243 .34*~*
Treat. 2 vs 5 0.69ns 0.01lns

**Significant at the 0.01 level of probabkility.
* Significant at the 0.05 level of probability.
nsNot significant at the 0.05 level of probability.
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Downward Movement of Soil Copper and Zinc

Analysis of the Ap horizon samplss showed that DTPA-ex-
tractable Cu was increased by 17 annual applications of Cu,
which provided a cumulative total of 279.9 kg Cu/ha (Table
9). Similarly, the DTPA-extractable Cu in the underlying
soil laver (25-33 cm) was increased slightly by the applied
Cu (Table 9). These DTPA-extractable Cu data indicate that
there was little downward movement of applied Cu in the Da-
vidson soil. The linear-contrast analysis for treatment 4
versus 5 in the Ap horizon (Table 9) showed that the applied
Zn increased the Cu concentration in the labile pool of the
soil. This phenomenon will be discussed later in the dis-
cussion of soil Cu and Zn fractions.

Similar tc that for Cu, the DTPA-extractable Zn data
indicate that there was little downward movement of Zn fol-
lowing 17 annual applications of the element, which provided
a cumulative total of 560.1 kg Zn/ha (Table 10). In compar-
ison to Cu, however, Zn moved downward in a greater gquantity
(Tables 9 and 10). The linear contrast analyses for treat-
ment 2 versus 5 for both the Ap and underlying horizons (Ta-
ble 10) showed that applied Cu did not affect Zn concentra-
tion in the labile pool of the soil.

The fact that there was less downward movement of ap-

plied Cu and Zn during earlier years of this long-term study
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Table 9. DTPA extractable Cu concentrations in two soil
layers after 17 annual applications of Cu to a
Davidson soil.

Total micronutrient DTPA extractable Cu concen-
Treatment application tration in two soil layers

nUMPEYr —- - = - s s e s s emm—e—s | e e — e~ ——-———--
Cu zn O - 20cm 25 - 33cm
—————— kg/ha ------ --------- mg Cu/kg --------
|
1 0.0 0.0 2.1 0.9
2 0.0 560.1 2.8 0.8
4 279.9 0.0 19.2 1.3
5 279.9 560.1 22.8 1.6
------ F value -------
Analysis of variance: 448 .11** 4.74%
Linear contrasts:
Treat. 1, 2 vs 4, 5 1318.88**% 12.22%*%*

Treat. 4 vs 5 24 .39%%* 1.99ns

**Significant at the 0.01 level of probability.
*Significant at the 0.05 level of probability.
ns Not significant at the 0.05 level of prcbability.




extractable Zn co
layers after 17 a
Davidson soil.

Table 10. DTPA
soil

to a

Total micronutrient
application

Treatment
number

- - e - e M A A e e e - e wn e e e = = = .

Analysis of variance:
Linear contrasts:
Treat. 1, 4 vs
Treat.

49

ncentrations in two
nnual applications of Zn

DTPA extractable Zn concen-
tration in two soil layers

0 - 20cm 25 - 33cm
------ mg Zn/kg ------
2.5 0.4
2.5 0.5
39.6 3.6
39.3 2.0
--------- F value --------
194 .58*+* 47 *
583.72*% 10.86**
0.03ns 2.52ns

*Significant at the 0.05 level o
ns Not significant at the 0.05 le

f probability.
vel of probability.
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(Mullins et al., 1982a) indicates that large applications
and lower pH levels play important roles in mobility of
these micronutrients (Emmerich et al., 1982; Dowdy and Volk,
1983). The total amount of applied Cu and Z2n in this study
was much greater (mcre than twice for Cu and more than three
times for 2Zn) than that applied when Cu and Zn mobkilities
were investigated by Mullins et al. (1982a). In this study,
the pH of the Ap horizon was 6.3, while in the earlier study
it was 6.7. The fact that Zn moved downward in a greater
quantity than Cu conforms to the conclusion by Dowdy and

Volk (1983) that Zn is more mobile than Cu.

Copper and Zinc Fractions

The forms of Cu and Zn in the Ap horizon of the David-
son soil after 17 annual applications of wvaricus levels of
Cu and Zn were evaluated by fractionation analyses (Tables
11 and 12).

The Ca-Cu was 1increased only by the highest level of
the applied Cu, whereas the AAC-Cu, PYR-Cu, and 0OX-Cu varied
directly with rate of Cu application (Table 11). The RES-Cu
was not affected by Cu application. Compariscn of wvalues
obtained from the highest level of Cu application with the

control indicates that the Cu concentrations in the frac-

tions were increased in the following order: PYR-Cu > 0OX-Cu
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> AAC-Cu > Ca-Cu. Amounts of Cu in the AAC-Cu and PYR-Cu
fractions increased exponentially with rates of Cu applica-
tion. Linear contrast analysis of treatment 4 versus 5 for
the AAC-Cu fraction indicated that applied Zn increased the

concentration of specifically adsorbed Cu (Table 11).

rh

Similar to the data on Cu ractions, Ca-Zn was 1in-

creased only by the highest level of the applied Zn (Table
12). The amounts of 2Z2n in the AAC-Zn, PYR-Zn, and OX-Zn
fractions varied directly with rate of Zn application. The
amount of Zn in the RES-Zn fraction was not influenced by Zn
application. Comparison of values obtained from the highest
level of Zn application with the control indicate that the
Zn concentrations in the <fractions were increased in the
following order: OX-Zn = AAC-Zn > PYR-Zn > Ca-2n. Like
those of Cu, *he values of AAC-Zn and PYR-Zn increased expo-
nentially with increasing rates of Zn application.

Perhaps due to the higher rate of Cu and Zn applica-
tions, in some cases, the above results (Tables 11 and 12)
started to depart from the sarlier results of this field
study (Mullins et al., 1982a). But the general trends were
still similar. The applicatiocns of various levels of Cu and

Zn increased the amounts of Cu and 2Zn in the potentially

available forms (Ca-, AAC- and PYR-Cu and -2Zn) in the David-

son soil. 2Zinc concentrations in ear leaves (Table 8) were
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higher where applied Zn increased the AAC- and PYR-Zn frac-
tions (Table 12). However, unlike the results by Mullins et
al. (1982a), Cu concentrations in ear leaves (Table 7) were
increased by the highest levels of applied Cu that also in-
creased the amounts of Cu in the AAC- and PYR-Cu fractions
(Table 11).

The 17 annual applications of Cu and Zn increased Cu
and 2Zn concentrations in the relatively plant-unavailable
forms (OX-Cu and 0X-Zn) in the Davidson soil (Tables 11 and
12). Reversicn of a portion of applied Cu and Zn to plant-
unavailable hvdroxide and oxide forms, with time, also has
been reported for other soils (Sommers and Nelson, 19783; Lo-
gan and Chaney, 1983). The non-significant effects of Cu
and 2n applicaticns on the amounts of Cu and Zn in the RES-
Cu and RES-Zn fractions, respectively, were expected because
the reversion of applied Cu and Zn to these fractions needs
much longer time.

The order of increase in Cu fractions, PYR-Cu > OX-Cu >
AAC-Cu > Ca-Cu, suggested that Cu has a high affinity for
soil organic matter. This 1s 1in agreement with other re-
search {findings (McLaren and Crawfcrd, 1973a; Mullins et
al., 1982b). On the other hand, the order of increase in Zn

ractions, 0X-Z2n = AAC-Zn > PYR-Zn > Ca-Zn, indicated that

Zn has a high affinity to soil hydroxides and oxides. This
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coincides with research findings reported by Iyengar et al.
(1981).
The increase in specifically adsorbed Cu due to Zn ap-

plication (Table 11) is not an easily explainable phenome-

tg

v

non. This phenomenon parallels the DTPA-extractable Cu data
in the Ap horizon (Table 9). A possible explanation of this
phenomenon 1s that a portion of Cu, which would cccupy the
more stable pools (OX-Cu and PYR-Cu) when Cu was applied al-
one, could not occupy these pools due to compstition for

sites with applied Zn. This can be seen from Table 11 in

which the values of PYR-, OX- and RES-Cu for <treatment 5,

t

ently

P4

where Cu was applied togetner with Zn, were consis
lower than those for treatment 4, where Cu was appiliied al-
one. The portion of Cu that could not cccupy the more sta-
ble pools occupied the specifically adsorbed sites (AAC-Cu),
which is less stable. Applied Zn also underwent a similar
mechanism. The values of PYR-, OX- and RES-Zn for treatment
5 (Table 12), where Zn was applied together with Cu, were
consistently lower than those for treatment Z, where Zn was
applied alone. But, unlike Cu, the portion of 2Zn, which
could not occupy the more stable pools, could nct occupy the
specifically adsorbed site either. This 1is because, as

pointed out by Kurdi and Doner (1883), 2Zn has less ability

than Cu to compete for the sorption sites. Therefore, this
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portion of Z2n remained in the socluble and exchangeable forms
and consequently was subject to leaching and plant uptake.
The above phenomenon combined with the fact that Cu and
Zn concentrations in specifically adsorbed and organically
bound sites incresased exponentially may be interpreted in
two wavs. First, much more time may have been required for
reversion of the large amount of applied Cu and Zn to
plant-unavailable <forms. Second, it is possible that the
large amount of Cu and 2Zn applied together almost exceeded
the capacity of the adsorption sites in the Davidson soil.

le <tThat the

o

Regardless of which one is true, it 1i1s proba

ct

non-significant responses of corn to the highest level of Cu
and Zn applications were more attributable to the uptake and

orn plants than to

[¢]

translocation mechanisms of Cu and Zn by

the reversion process of applied Cu and Zn to plant-unavai-

lable forms.




SUMMARY AND CCNCLUSIONS

Summaryv

Copper and Zn freguently are incorporated into agricul-
tural soils as fertilizers, pesticides, and waste materials.
High levels of Cu and Zn application to agricultural soils
are considered to pose a potential hazard to plants and ani-
mals. Field data are neseded to determine Cu and 2Zn levels
that either injure plants or increase Cu and Zn concentra-
tions in edible plant portions to undesirably high levels.

This study was undertaken on a Davidson silty clay
(clayey, kaolinitic, thermic Rhodic Paleudult). The specif-
ic objectives of this study were to determine corn response
to 18 annual applications of wvarious 1levels of CuSO; and
ZnS0,, which provided 334.0 kg Cu and £95.4 kg 2Z2n/ha; to
evaluate downward movement of Cu and Zn £following 17 annual
applications of wvarious levels of CuSO; and ZnSQO,;, which
provided 27%8.9 kg Cu and 560.1 kg Zn/ha; and to investigate
the reversion of Cu and Zn to plant-unavailable forms fol-
lowing the 17 annual applications of CuSO,; and ZnSO,.

The 18 annual applications oif various levels of CuSO,

and Z2nS0C, to the Davidson soil did not affect either corn-
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grain or corn-stalk yields. Copper concentration in corn
grain was not affected by the various levels of applied Cu.
Concentration of Cu in ear leaves was increased by the high-
est level of Cu application, but was not affected by the
moderate cumulative level (151.2 kg/ha) of Cu apprlication.
Zinc concentration in corn grain was increased only by the
highest level of Zn application, while its concentrations in
ear leaves varied directly with wvarious levels of applied
Zn. In all cases, the Cu and Zn concentrations 1in corn
rain and ear leaves were within the normal ranges.

The DTPA-extractable Cd and Zn in soils Zfollowing 17
annual appiications of various levels of CuSO,; and 2nS0,; in-
dicated an accumulation of Cu and 2n in the Ap horizon, with
little downward movement of the applied Cu and Zn. 2inc
moved downward in a greater amount than Cu.

Copper and Zn from the 17 annual applications of vari-
ous levels of CuSO, and 2ZnSO,; were distributed among both
potentially plant-available and -unavailable soil fractions.
The highest level of applied Cu and Zn caused a larger in-

crease in potentially plant-available specificallv-adsorbed

)

and organically-bound fcrms. In ccomparisen with all frac-
tions, Cu had tendency to revert to the organically bound
soil fraction, while Zn to the free oxide-bound soil frac-

tion. Interaction between the applied Cu and Zn in competi-

tion for sorption sites did occur in the soil.
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Conclusions

Application of up to 334.0 kg Cu and 695.4 kg Zn/ha as
sulfates to a Davidson soil in 18 annual applications, which
was above the suggested tolerable levels for the application
of these micronutrients as sewage sludge, did not adversely
affect the growth and yield of corn. However, £from the ob-
servation on the reversion process of the applied Cu and Zn
in the so0il, there was doubt that the amount of Cu and 2Zn
applied to the soil in 17 annual applications of up to 279.9
kg Cu and 56C.1 kg Zn/ha was close to the sorption capacity
of the soil. For this reason, 1t 1is concluded that the
non-significant responses of corn to the 18 annual applica-
tions were more attributable to the uptake and translocation
mechanisms of Cu and Zn by corn plants *than to the concen-
trations of the metals in potentially plant-available forms.
Therefore, it is suggested that the long-term field experi-

ment discussed herein be continued and, 1f possibkble, with

different crop species.
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(ABSTRACT)

Copper and 2Zn deficiencies of crop plants occur in
various areas throughout the world. The sulfate forms of Cu
and Zn are generally used to correct these micronutrient
deficiencies. In agricultural practices, Cu and 2Zn are
applied to soils not only as a fertilizer, but also as
manures, pesticides and waste materials such as sewage
sludge. High 1levels of Cu and 2n application to
agricultural soils are considered to pose a potential hazard
to plants and animals. Research findings have not
established Cu and 2Zn levels that either injure plants or
increase Cu and 2Zn concentrations in edible plant portiocns
to undesirably high levels. Published data on the fate of
applied Cu and Zn indicate that thefe is little, if any,
downward movement of these micronutrients in soils and that,
with time, applied Cu and Zn revert to plant unavailable
forms in soils.

This study was undertaken on a Davidson silty clay scil

to determine corn response to high levels of CuSO, and ZnsS0y,

e




applications up to 334.0 kg Cu and 695.4 kg Zn/ha and to
evaluate the fate of Cu and Zn in soil following CuSC,; and
ZnS0, applications of up to 279.9 kg Cu and 560.1 kg Zn/ha.
The results of this experiment showed that grain and stalk
yields of corn were not affected by the high levels of CuSO,
and 2ZnS0O, applications. Concentration of Cu in corn grain
was not affected, while that of Zn was increased only by the
highest level of ZnSO, application. Concentration of Cu in
ear leaves sampled at early silking was increased only by
the highest level of CuSO,; application, whereas that of Zn
was increased by all levels of ZnSO, application. There was
accumulation of Cu and Zn in the Ap horizeon, with little

downward movement of the applied Cu and 2Zn. A portion of

the applied Cu and 2Zn reverted to plant unavailable soil

fractions, but there was tendency to build up in potentially

plant-available forms.




