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(ABSTRACT)

Laboratory tests were conducted to determine Cu availability of three Virginia
soils amended with Cu as either Cu-rich pig manure or CuSO, with the same Cu content
as that in manure. The study also assessed the capability of Mehlich-3 to estimate de-
ficient and toxic Cu levels in soil. Application of Cu as manure or CuSO, did not affect
grain yield or grain Cu concentration in corn grown at each site. Young corn plant
height was reduced by CuSQ4 application on the Bertie sandy loam, an indication of
greater toxicity from inorganic than organic Cu.

Very little exchangeable or solution Cu was present in any of the three soils. The
vast majority of Cu was distributed between the organic and soil oxide fractions. The
ratio of soil oxide to organic matter determines the relative distribution of Cu among
these fractions. Most organically bound Cu was held by specific adsorption mechanisms
and Mchlich-3 strongly extracts this fraction. Mehlich-3 extraction patterns were in-
dicative of Cu binding strength in the different soils. Since Mehlich-3 strongly extracts
specifically bound Cu and only poorly removes oxide Cu, this test may underestimate
Cu availability on sandy soils with low organic matter content. However, Mehlich-3

provides an acceptable test for soil Cu.



Soil sorption characteristics were studied for Cu, Pb, and Zn added, both alone and
simultaneously. Copper sorption energy was higher than both Pb or Zn, however,
sorption capacity followed the order Pb > Zn > Cu. High Pb and Zn sorption was in
part due to precipitation reactions especially at high initial solution concentrations. Zinc
was bound to soil mostly by weak electrostatic forces. Copper and Pb were bound at
specific sorption sites and by complex multi-site bonding mechanisms possibly involving
organic substances. These specific and multi-site mechanisms account for metal ions
removed from solution at low concentration. Even at low metal concentration, Cu and
Pb sorption results in concurrent release of H* and Ca?* at a greater than one to one
charge basis.

Soils adjusted to various pH levels were equilibrated with Cu solution and then
extracted with a series of dilute acid extractions to determine Cu adsorption and fixation
capacities. Copper adsorption and more importantly Cu fixation increased with an in-
crease in soil pH. Soil with a high organic matter content as a result of manure appli-
cations adsorbed and fixed more Cu at all pH levels than the control and CuSQOy4 soil.
The presence of organic matter may have a greater effect on metal sorption character-
istics than maintenance of pH 2 6.5. Heavy metal sorption was éccompanied by con-
current release of H* and Ca?* which represents exchangeable and specifically bound
cation nutrients. Soils which receive heavy metal applications from sewage sludge or
animal manure would have a short-term increase in plant available nutrients at the ex-
pense of long-term reserve capacity. Soil tests for cation nutrient availability on soils

receiving heavy metal applications should be adopted to account for these responses.
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Introduction

Background Information on Copper Usage

There are 7,500 Virginia farms with some 400,000 swine (Sus scrofu domesticus),
making swine production in Virginia a major agricultural enterprise (Virginia Agricul-
tural Statistics Service, 1989). Copper sulfate (CuSO,) is commonly used as a feed ad-
ditive for swine and also poultry (Gallus gallus domesticus) to promote weight gain and
feed efficiency (Stahly et al., 1980; Lexmond and de Haan, 1977). As much as 250 mg
Cu kg~ ! of feed are fed to weanling pigs. Originally Cu was thought to have an antibi-
otic affect in the gastrointestinal tract but new evidence suggests that Cu may have a
biochemical influence on growth control systems (Zhou et al., 1992; Zhou et al., 1992).
Although a portion of Cu ingested by pigs may accumulate in certain tissue most is
excreted in manure. Copper excreted in manure is in high concentrations of up to 1000
mg kg~! (Miller et al., 1986). The high Cu concentrations have led to concerns about

the long-term environmental cflects of land application of these Cu rich manures. Re-
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search herein addresses environmental effects from long-term Cu rich manure applica-

tion.

Long-term Field Research

In 1978 field plots were established to determine long-term affects of Cu applica-
tions as either Cu rich manure or CuSOy4 to agricultural soils. Sites were chosen in the
Atlantic Coastal Plain, Limestone Valley, and Piedmont regions of Virginia. The ex-
perimental design was a randomized complete block with four replications of each of the

following treatments:
1. A control,
2. 357 kg Cuha~! as CuSO, application over 14 years from 1978 through 1991, and

3. 357 kg Cuha™! as wet Cu rich pig-manure (1210 t ha~!) application over 14 years
from 1978 through 1991.

The inclusion of the CuSO, treatment was to assess the effect of organic matter on Cu
retention.

Plots 3.66 x 6.10 m with 0.9 m (0.76 at Piedmont) row widths were designed with
large borders and appropriate tillage procedures were used to minimize lateral movement
of soil during the long-term ficld research. Corn was planted at recommended rates on
each site during each year of the long-term research. Weed and pest control, and sup-
plementary fertilization were applied each year as necessary. Annual soil and plant tis-
sue analysis were used to dectermine ficld management procedures to maintain soil
fertility for high yield corn production. Limestone was periodically applied to maintain
soil pH > 6.5. The broadcast amendments were then disced into the soil.

Height and mass of young corn plants were measured to determine the effect of

treatments on corn growth., Concentration of selected elements in corn ear leaf samples
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(taken shortly after emergence of the ear) and corn grain (samples taken at harvest) plus
grain yield (at black layer) were also determined annually to assess treatment effects.
Surface and subsurface soil samples, taken yearly before application of each treatment,
were analyzed for DTPA extractable Cu and other selected metals to evaluate accumu-
lation and mobility of Cu. Surface soil samples were used to examine Cu, Pb, and Zn
retention characteristics, and subsurface samples were used to determine effects of Cu

rich manure and CuSO, application on downward movement of Cu in soil.

Site Characteristics

Sites were chosen to represent diverse climatic and soil characteristics within
Virginia to ensure wide applicability of the experimental results. The first soil, a Bertie
fine sandy loam (fine-loamy, mixed, mesic Aquic Hapludults) was located on the
Tidewater Research Station in the Atlantic Coastal Plain region of Virginia. The site 1s
at an elevation of 24 m and at approximately 36°41"" latitude and 76°47"" longitude.
Annual precipitation (Table 1) for the growing season (April through August) at this site
averages 56.4 cm with no monthly average below 8.2 cm. Average monthly temperature
ranged between [4°C in April to 26°C in July.

A second site was located in Blacksburg, elevation 622 m, 37°14"" latitude, and
80°25" longitude. The soil was a Guernsey silt loam (fine, mixed, mesic Aquic
Hapludalfs) located in the Limestone Valley region. Average temperatures in
Blacksburg are slightly cooler than that at Holland and growing season precipitation
(May through October) is 52.2 cm (Table 1).

The third site was located on the Northern Piedmont Research Station, elevation

153 m and at approximately latitude 38°13"" and longitude 78°06’’. The growing season

Chapter 1 6



Table 1. Mean annual precipitation (¢cm) and daily maximum and minimum
temperatures (°C) by month for the years 1961 through 1990 at the
Holland (Tidewater), Blacksburg, and Piedmont locations.
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Holland

char .

Precipitation 104 9.0 10.3 8.2 104 11.2 134 13.2 104 9.2 7.6 8.9

Mean Daily

Maximum 89 104 15.6 20.9 253 29.2 31.0 31.0 304 27.6 22.1 17.3

Mean Daily

Minimum 27 -14 28 7.1 124 17.0 194 188 152 85 4.11 -0.5
Blacksbur

Precipitation 7.0 7.3 9.0 9.2 103 87 102 96 89 45 73 7.2

Mean Daily

Maximum 4.6 6.4 12.1 17.3 22.2 260 279 274 24.1 185 129 6.9

Mean Daily

Minimum -7.2 -60 -1.3 33 8.1 126 149 143 104 3.6 -0.5 -49
Piedmont

Precipitation 7.1 69 87 79 11.3 8.7 114 109 9.0 102 92 78

Mean Daily

Maximum 58 7.6 13.3 19.0 23.8 28.2 30.2 294 26.0 20.1 144 8.2

Mean Daily

Minimum -56 -41 0.7 58 11.2 159 183 17.7 13.8 69 22 -29
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for corn in the Piedmont region begins in late April and lasts through September.
Temperatures at Piedmont are intermediate between Holland and Blacksburg and pre-
cipitation is 59.2 cm during the growing season (Table 1). Two soils were used at this
site, a Starr-Dyke clay loam (fine-loamy, mixed, thermic Fluventic Dystochrept-clayey,
mixed, mesic Typic Rhodudult) and a Davidson clay loam (clayey, kaolinitic, thermic
Rhodic Paleudults).

The overall objectives of this research were as follows:

1. to determine the effect of Cu applications to agricultural soils, as either Cu-rich
manure or CuSQy, on corn yield,

2. to determine the fraction of soil Cu extracted by the Mehlich-3 soil tests and assess
the suitability of Mehlich-3 as a test for predicting both deficient and toxic Cu levels
in diverse Virginia soils,

3. to describe adsorption characteristics of Cu, Pb, and Zn added to soil either indi-
vidually or simultaneously, and

4. to evaluate the effect of Cu-rich manure or CuSQO4 applications and pH adjustment
to soil on subsequent Cu adsorption and desorption by soils.

This research is reported in three sections entitled, “Relationships Among Plant Re-
sponse, Cu Fractions, and Mehlich-3 Extractable Cu for Soils Amended with Either
CuSOs or Copper Rich Pig Manure”, “The Effect of pH on Copper
Adsorption/Desorption by Soils Amended with Pig Manure or Copper Sulfate”, and
“The Effect of Competing Ions on Metal Retention by Soil”. Results of this research
are expected to aid soil testing laboratory personnel adopt Mehlich-3 as a soil test for
adequacy as well as deficiency of Cu on diverse soils. Adsorption data may aid in the
determination of maximum metal loading levels on soils used for disposal of waste which
contain more than one metals. Desorption data will aid in the prediction of long-term

metal availability to plants.
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RELATIONSHIPS AMONG PLANT
RESPONSE, COPPER FRACTIONS, AND
MEHLICH-3 EXTRACTABLE COPPER FOR
SOILS AMENDED WITH EITHER COPPER
SULFATE OR COPPER RICH PIG MANURE

Introduction

Plant available cations are held by several different mechanisms in the various soil
fractions. An acceptable soil test should solubilize an amount of soil nutrient propor-
tional to its availability to plants (Martens and Lindsay, 1990). A dilute acid extractant
solubilizes labile cations complexed by organic matter and adsorbed by mineral surfaces.
In addition, a portion of non-labile cations are solubilized from precipitated and
occluded sites. The amount of metal extracted increases with an increase in acid con-
centration. A chelating agent extracts cations by decreasing their activity in soil solution
which causes a relcase of adsorbed soil cations as the soil system moves toward equilib-
rium (Lindsay and Norvell, 1978). The amount extracted is determined by the solution
concentration and by the ability of soil to replenish the solution. Extractants of varying

acid concentrations and/or chclating agents may solubilize different amounts of soil
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cations. Therefore a new soil test requires both laboratory and greenhouse evaluation
before field calibration (Martens and Lindsay, 1990).

Certain soil extractants are used for their ability to selectively solublize elements
from particular soil fractions. Neutral salts are used to replace readily exchangeable
cations in soil. However, Cu, Zn, and other heavy metals are largely held by mechanisms
not subject to exchange reactions (Shuman, 1985; McLaren and Crawford, 1973a).
Acetic acid is used to extract specifically adsorbed in addition to exchangeable cations
held by both inorganic and organic soil fractions (McLaren and Crawford, 1973b).
These metal fractions, exchangeable and specifically adsorbed, are defined by their
method of extraction. Other procedures solubilize individual solid phase minerals. Chao
(1972) reported that acidified hydroxylamine hydrochloride selectively dissolved Mn-
oxides with little affect on Fe-oxides or organo-metal complexes. Once Cu associated
with Mn-oxides is removed, organically bound metal can be selectively released by ex-
traction with potassium pyrophosphate (McLaren and Crawford, 1973b; Miller et al.,
1986). Ammonium oxalate can then be used to remove metals bound by Fe-oxides.

In 1984, Mehlich (1984) combined dilute acids and salt with EDTA to form a new
soil extractant designated as Mehlich-3. This test had the advantage of simultaneous
extraction of P as well as macronutrient and micronutrient cations (Cu included) and,
because of its versatility, has replaced the double acid (DA) method (0.05 M HCI-0.0125
M H,S0.) as a measure for the adequacy of nutrients in many soil testing laboratories.
Eventually the Mehlich-3 procedure is expected to replace the double acid method in
other laboratories (Martens and Lindsay, 1990).

Soil test results from the Mechlich-3 procedure have been compared to those from
other commonly used soil extractants (Sims, 1989; Sims et al., 1991). Mehlich-3 and
double acid extractable Ca, Cu, K, Mg, Mn, P, and Zn were highly correlated for 400

soils from Delaware. However, for soils testing less than high, where no response to
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added nutrients would be expected, r? values were lower than those for all soils tested.
Inclusion of organic matter or pH factors into regression equations improved correlation
coefficients for only Cu and Mn. Mulchi et al. (1991) found that, on soils amended with
sewage sludge, the relative ranking for amounts of Mehlich-1, Mehlich-3, and DTPA
extractable Cu varied across different sludges. Hence, soils which have been amended
with sewage sludge (or manure) may release a different Cu proportion from each fraction
during extraction by Mehlich-3 than by other commonly used extractants. Levesque
and Mathur (1986) concluded that forms of extractable Cu decreased with time in Cu
amended histosols. Mullins et al. (1982} also found that a portion of Cu in soil amended
with either CuSO4 or Cu-rich pig manure reverted to unavailable forms with time.
There is much interest in adapting Mehlich-3 as the standard soil test in south-
eastern United States. It would be desirable if this procedure could be used to estimate
both deficient and toxic Cu levels in soils. In this research, the level of Cu extracted by
Mehlich-3 solution was compared with levels extracted by other soil tests commonly
used in the U.S. Since individual soil extractants solubilize different soil Cu fractions
and the form of applied Cu in soil will change with time, research was also conducted

to determine the forms of soil Cu most readily extracted by the Mehlich-3 procedure.
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MATERIALS AND METHODS

Field Experiments

Three soils with a wide range of chemical and physical properties were selected for
this research. They were a Bertie fine sandy loam, Guernsey silt loam, and Starr-Dyke
clay loam. The following three treatments were replicated four times in a randomized
complete block design on each soil: 1) a control, 2) a 13 year cumulative total of 356,
360, and 351 kg Cu ha~! as Cu rich pig manure on the Bertie, Guernsey, and Starr-Dyke
soils, respectively, and 3) Cu as CuSO, applied annually at levels equivalent to that in
the pig manure. Each year wet manure was applied and worked into the soils. Annual
application rates varied from 1978 through 1990, but the average annual rate of wet Cu
rich pig manure applied was 93 mt ha~!. Data from only two of the four replicates from
1991 on the Guernsey soil were included herein due to bird damage to corn in several
plots.

Nutrient concentrations in both pig feed and manure are listed in Table 2. The
concentrations of Ca, Cu, Fe, K, Mg, Mn, Na, and Zn in feed and manure were dcter-
mined by atomic absorption spectrophotometry from 1 g samples dry ashed at 450 °C
for 3 hours and leached with acidic solution. Boron was determined by an
Azomethine-H procedure (Parker and Gardner, 1981), P by a molybdivanadophosphoric
acid method (Kitson and Mellon, 1944), and N by a micro-Kjeldahl technique
{(McKenzie and Wallace, 1954). Copper, Fe, and Zn concentrations in the feed were

high from supplementation as sulfates and were concentrated in the manure.
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Table 2. Nutrient concentrations in pig feed and manure in 1990 and
for the 13-year average from 1978 through 1990.

Pig Feed Pig Manure
Element 1990 13-Year Ave. 1990 13-Year Ave.

.............................. 0/ mmmmmmmmmmmm e em—mmm—m———————
Ca 0.73% 0.93 4.6 4.1
K 0.97 0.83 1.6 1.7
Mg 0.19 0.17 0.90 0.82
N 2.8 2.7 4.8 4.5
Na 0.38 0.16 0.47 0.45
P 0.68 0.61 2.6 2.3

-------------------------- mg Kg ™ leemmemmemeeeeeeeeeeee
B 10 10 20 20
Cu 310 260 1400 1320
Fe 280 180 1430 1180
Mn 170 52 580 290
Zn 240 80 1110 420

+ Each value is the average of triplicate analyses for two subsamples.
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