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ABSTRACT 

Two municipal sludges, one from a highly industrialized city, 

Chicago, and another from a lesser industrialized, highly agricultural 

area, Tucson, are compared for barley production on Pima c 1 (Typic 

torrifluvent). Both sludges were responsible for highly significant 

additions of Zn, Cu, Ni, Cd and P to the soil each year at the rates 

of 100mt/ha single and 20mt/ha for 2 years. Nitrogen responses for 

barley straw and grain were observed from both sludges. Tucson sludge 

appears to be attractive as a potential fertilizer, not only as an 

NPK source, but also for its minimal amounts of heavy metals. The 

Chicago sludge with high levels of heavy metals, particularly Cd, 

appears unsuited as a fertilizer because of the plant's tendency to 

take up toxic levels of heavy metals. 

xi 



CHAPTER 1 

INTRODUCTION 

Background 

A problem that many urban centers face is their ever

growing volume of municipal wastewater sludge. Approximately 4.5 

billion dry kg/year of sludge are produced at municipal wastewater 

treatment plants in the U.S. (Bastian 1977). Pahren et al. (1979) 

estimates this figure to reach 8 billion dry kg annually by the mid 

1980·s. The disposal of municipal wastewater sludge is allocated to 

35% incineration, 15% ocean disposal, 25% landfill, and 25% land 

application. 

The land applications of sludge include reclamation of 

both marginally and drastically disturbed land, for purposes of im

provement of cropland as well as disposal. 

The disposal of sewage sludge as a waste material must 

meet certain sanitation, legal, and political restraints. Manyagrono

mists have long recognized the value of sewage sludge in improving soil 

conditions and supplying nutrients for plant growth (DeTurk 1935). 

Also, projected natural gas shortages along with increased production 

costs could keep commercial fertilizer prices relatively high and 

ultimately provide sludge as a potential economically attractive source 

of nutrients. Abron-Robinson et al. (1981) have concluded that the use 



of specific crops and cost sharing by the municipality essentially 

negate the economic disadvantages of transportation, handling, and 

application. 
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There are also problems and/or potential hazards associated 

with the application of sludge to land. These include public accep

tance, odor, pathogens, parasites, contamination of surface or ground 

waters, toxicity to plants, and increased concentrations of potentially 

toxic elements in the food supply. The last three of these problems 

are thought to be those that are the most potentially serious problems 

associated with the application of sewage sludge to cropland. 

In light of some of these environmental and economic 

considerations, the application of sewage sludge to land seems to be 

the most practical form of disposal; in fact, many municipalities have 

implemented this technique not only as a means to solving their dis

posal problem, but also as a way to fertilize and improve their agri

cultural acreage (Hinesly and Sosewitz 1969; Sesley and Reed 1972; 

Carlson and Menzies 1971; T.D.J. Hinsely 1973). 

Sludge Characteristics and Impacts 

Surd (1968) defines sludge as a semi-liquid wast~ having 

a suspended solids content of at least 2,500 ppm (i .e. 0.25% dry solids) 

which flows, has the capabilities of being pumped, and also exhibits 

delayed settling characteristics in gravity settlers. 

The chemical composition of sewage sludge actually depends 

upon the composition of the incoming sewage, and the type and/or mode 



of secondary wastewater treatment. Although all municipal sewage 

sludge contain heavy metals, compounds of nitrogen and phosphorous, 

and varied carbonaceous forms, it is reasonable to assume that the 

sludge found in a large, highly industrialized urban center (e.g. 

Chicago) and the sludge found in a smaller agricultural municipal ity 

(e.g. Tucson) might differ in the concentration of some of their con

stituents. 

Heavy Metals 

There are numerous references elaborating on the toxic 

3 

effects to a wide range of crops due to the increased soil metal con

centrations stemming from sewage sludge amendments (Baker and Chesnin 

1975; Giordano and Mays 1977; Mcintyre, Silver and Griggs 1977; Haghiri 

1973; Shaeffer et al. 1979). 

The soil chemistry of any element must be taken into 

consideration before assessing its impact to plants and/or animals. 

Researchers from the u.S. EPA (1977) have characterized those elements 

found in sewage sludge as to whether or not they represent a potential

ly serious hazard to flora or fauna providing of course, that proper 

management techniques are employed at the sludge-treated site. 

Those elements found in municipal sewage sludge and con

sidered as posing relatively 1 ittle hazard include: 

1. Manganese, iron, and aluminum which form sparingly soluble 

oxides and hydroxides in the soil. 



2. Chromium, of which very little is found in the soil in a 

soluble form; that which is added through sewage sludge amend

ments might be expected to be rendered insoluble or remain in 

an innocuous form. 
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3. Arsenic, once incorporated into the soil reverts to the 

arsenate species which is strongly held by the clay fraction of 

most soils, thus exhibiting a low availability to plants on 

soils which contain an appreciable clay content. 

4. Selenium, although more soluble under neutral or alkaline 

soil conditions than acid conditions (which conflicts with the 

general requirement that the soil pH be near neutral for sludge 

applications), research has shown that selenium uptake by 

plants remains below hazardous levels (Furr et al. 1976). 

5. Antimony like selenium, mobile and susceptible to plant 

uptake in neutral and alkaline soils, occurs in sludge in very 

low concentrations. No evidence of hazard is currently avail

able. 

6. Lead portrays a low degree of potential toxicity to plants 

and a high degree of potential toxicity to animals. Research 

has shown that when soluble lead enters the soil, it reacts 

with clays, phosphates, carbonates, hydroxides, sesquioxides, 

and organic matter which greatly reduce its solubility 

(Jurinak and Santillan-Medrano 1974; Hassett 1974). 



7. Mercury upon entering the soil can be sorbed on clay minerals, 

retained by organic matter, or volatilized if in a gaseous 

form. The only way elevated concentrations of mercury in 

sludge appear, is if industrial sources of mercury contamina

tion occur. 

Those elements found in municipal sewage sludge and con

sidered as posing a potentially serious hazard include: 

1. Cadmium, found in sewage sludge in concentrations from 

3 to more than 3,000 ppm (Sommers 1977), and in soils from 

0.01 to 7 ppm (Allaway 1968) does not have a well-understood 

soil chemistry. Of all the heavy metals that exist in sludge, 

cadmium is that metal considered by the EPA (1977) to have the 

greastest impact on the food produced on sludge-amended land. 

Low level exposure to humans from elevated concentrations of 

cadmium in plants has been linked to certain health problems. 

2. Copper occurs in all soils, often as hydrous oxide complexes 

with manganese and iron, but also as soluble complex species 

with organic matter. Copper toxicity to plants warrants con

cern, yet, as animal diets are often deficient in copper 

(a micronutrient), slightly elevated copper concentrations 

in animal feeds could be advantageous. 

3. Nickel is found in sewage sludge in concentrations from 2 

to over 3,5000 ppm (Sommers 1977). Cunningham, Keeney and 

Ryan (1975) have concluded that nickel uptake by plants seems 

5 
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to be more readily available from sludge than from inorganic 

sources and, observed toxicity in plants occurs at concen-

trations above 50 ppm. 

4. Zinc is an element that as a micronutrient is essential for 

both plants and animals. 2+ It is taken up by plants as Zn and 

can be toxic if concentrations are excessive. 

Nitrogen and Phosphorous 

Municipal sewage sludge contains from 1 to 6% nitrogen 

(Sommers 1977) with 30 to 60% of the total nitrogen in anaerobically 

digested sludge existing in the ammoniacal form (NH! ), and the re

mainder existing in the organic form (King 1976). Both nitrogen and 

phosphorous concentrations in sewage sludge are rather uniform through-

out the U.S., unlike the highly variable concentrations of the heavy 

metals. King (1973) showed that gaseous nitrogen losses from sludge-

amended soil amounted to 21 to 26% of the total nitrogen applied with 

only a small part of this due toNH
3

volatilization. Certainly, predrying 

of the sludge along with soil-sludge interactions due to incorporation 

of sludge into the soil might diminish the amount of nitrogen lost as 

a gas. Keeney, Lee and Walsh (1975) have developed guidelines which 

are available to compute the amount of a specific sludge needed to 

supply the proper addition of available nitrogen to plants. 

Phosphorous is present in sludges with concentrations 

ranging from 1 to 3% (Sommers 1977). Organic phosphorous accounts for 

only 10 to 30% of the total phosphorous content on sludge with inositol 



polyphosphates occurring as the major organo-phosphorous compound 

(Cosgrove 1973). 

Phosphorus has the ability to interact with heavy metals. 

Although phosphorus can form complexes with a micronutrient such as 

zinc, it can also complex with toxic cadmium. 

The immobility of phosphorus in soils affords sludge 

applications designed to sufficiently satisfy the crop's nitrogen 

requirement while more than adequately adding the needed phosphorus. 

Eutrophication arising from runoff containing nitrogen and 

phosphorous, and, leaching of heavy metals and nitrate (NO; ) leading 

to groundwater contamination are certainly environmental problems that 

must be considered regarding any fertilizer additions. Sommers, 

7 

Nelson and Silviera (1979) have done experimentation regarding possible 

transformations of carbon, nitrogen and heavy metals in sludge-amended 

soils. Their research has indicated that practically no nitrate leach

ing occurred in soils receiving sewage sludge. This suggests that 

denitrification and/or immobilization are the major nitrogen-loss 

mechanisms associated with sludge-amended soils. In addition, these 

sludge-amended soils exhibited minimal leaching of both phosphorus 

and metals. 

Carbon Compounds 

Although the organic matter composition of sewage sludge 

has been examined (and deemed highly variable), many of the organic 
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constituents have yet to be characterized; however, the average 

anaerobically digested sewage sludge has been reported to contain 

approximately 25% carbon on a dry weight basis (Sommers 1977). Boyd, 

Sommers and Nelson (1980) have shown that compared to the average humic 

acid, sludge humic acid seems to be a more aliphatic, nitrogen-enriched 

polymer with decreased amounts of carboxyls and phenolic hydroxyls; 

proteinaceous materials appear to be the major source of nitrogen

enrichment in the sludge. 

Since sewage sludge is comprised of constituents relating 

to industrial waste effluents, organic contaminants such as polychlor

inated biphenyls (PCS) or pesticides can be present in sludges. Sludge 

inspection and analysis are essential to insure proper management prac

tices, in effect keeping potentially hazardous compounds from entering 

the food chain. 

Experimental Justification 

It is reasonable to assume that sludge amendments to 

cropland will invariably affect the soil to which it is added. Re

search has shown that the major portion of sludge organic matter re

mains resistant to decomposition (Terry, Nelson and Sommers 1979). 

Factors including soil texture, pH, and moisture content had relatively 

little effect on the sludge decomposition rate. Other studies indicate 

that organic waste appl ications do in fact, increase the soil organic 

matter content including a significant reduction in the soil bulk 

density (Khaleel, Reddy and Overcash 1981). It appears that the nature 
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of the organic matter in sludge along with elevated levels of nitrogen, 

phosphorus, and micronutrients make it a good soil conditioner and an 

excellent fertilizer. However, in an experiment where 0, 56 and 112 

metric tons/ha of sewage sludge was added to a soil (sandy Hapludult), 

although the soil pH was significantly elevated, so were concentrations 

of DTPA extractable zinc, copper, cadmium, and nickel (Shaeffer et ale 

1979). To maintain a perspective, it must be realized that commercial 

fertil izers also contain trace metal contaminants. In fact, Lee and 

Keeney (1975) showed that cadmium added to land in Wisconsin as a fer

til izer contaminant was equivalent to that produced in sludges from all 

Wisconsin municipal wastewater treatment plants. Clearly, the impacts 

generated by sludge additions to soil merits more attention. 

Judicious management concerning the fulfillment of the 

nitrogen requirement of a crop is necessitated. A negative aspect of 

nitrogen amendments from sludge-additions might be lodging. This is a 

phenomenon occurring in small grain crops (e.g. barley, rye, oats, and 

wheat) where there is excessive stalk growth, usually resulting in the 

plant falling to the ground which makes harvesting the plants extremely 

difficult. 

The type of crop and its ability to absorb metals such as 

cadmium from the soil is a major point of sludge management. Also, 

many crops tend to exclude certain metals from specific organs. For 

instance, the seeds in many crops contain lower concentrations of heavy 

metals than do the vegatative tissues. In such crops, hazards can be 
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averted if only the seed is harvested. It is safe to say that grain 

crops present less of a hazard to the food supply (in terms of heavy 

metal uptake) than do forage crops, pasture crops, or leafy vegetables. 

Experiments dealing with metal uptake in plants offer 

conflicting results. Kelling et al. (1977) applied 4.3 kg of cadmium/ 

ha and found that there was no change in the cadmiun concentration of 

the corn grain. On the other hand, Decker, Chaney and Wolf (1976) 

applied 2.0 kg of cadmium/ha and found a five-fold increase of cadmium 

in the corn grain; Baker, Eshelman and Leach (1975) concluded that the 

application of 24.8 kg of cadmium/ha increased the concentration of 

cadmium in corn grain eight-fold. More research must be done in the 

area of metal uptake in crops. 

The use of sewage sludge for the growth of a grain crop 

such as barley has only recently been under serious scrutiny. Data 

currently available are not at all sufficient in determining the max

imum amounts of heavy metals that can be tolerated by the barley crop 

resulting from sludge additions. The information which we have avail

able today strongly suggests that the maximum additions of sewage 

sludge tolerated by any crop will ultimately depend upon interactions 

with both soil and sludge constituents. These interactions will de

pend upon the chemical and physical properties of the soil and region

al factors which would include water quality and climate. In addition, 

the fate of heavy metals after being absorbed from the soil into the 

plant (e.g. differential metal concentrations between straw and grain) 



11 

has not been characterized sufficiently. The state of Arizona, 

experiencing both urban and agricultural growth, offers an excellent 

medium of experimentation in an area of great theoretical and practical 

importance. 



CHAPTER 2 

METHODS AND MATERIALS 

Field Study 

A field study was conducted in 1979 and 1980 at the 

University of Arizona, College of Agriculture, Branch Experiment 

Station at Marana, Arizona. The soil type used was a Pima clay loam 

(fine-silty, mixed, thermic Typic torrifluvent) and described in de

tail by Post, Hendricks and Pereira (1978). Anaerobically digested, 

air dried sewage sludge was obtained from both Tucson, Arizona and 

Chicage, Illinois. Sludge treatments consisted of application of 

100 mt/ha on a dry weight basis only in 1979, and 20 mt/ha on a dry 

weight basis for 1979 and 1980. Three series of check plots were 

established: the first plot received no treatment, the second plot 

received 56 kg/ha urea (45% N), the third plot received 56 kg/ha urea 

and 56 kg/ha treble superphosphate (45% P20
5
). Fertilizers were 

applied before the planting of the barley, and, urea was again applied 

at 56 kg/ha immediately prior to the first irrigation. These applica

tions adhered to local guidelines. In order to acheive comparison 

between the two sludge types, the experimental design employed was a 

split-plot design (Little and Hills 1977). Each plot was replicated 

four times-in a randomized complete block design. The plot size was 

3.0m by 6.1m within a 10.7m by 8.1m area so as to negate border 

effects. 

12 



Following treatment, all plots were disked and pre-

irrigated prior to planting on February 13, 1979 and December 27, 

1979 with Briggs barley, batch FSC 230 (Hordeum vul.), a variety 

typically grown in the western portion of the U.S. Rows were spaced 

0.15m apart and the cultural practices were those normally employed 

by the experiment station. On June 13, 1979 and June 6, 1980, four 

1m rows of barley per plot were hand-harvested. The number of barley 

heads per meter row was tabulated during the harvest period. The 

samples were placed in a greenhouse area for 10 days until they were 

determined to be sufficiently dried. The barley heads were weighed 

13 

in grams to the first decimal place and the weights of the barley 

heads corresponding to their respective treatments were acheived. The 

straw was similarly weighed. In 1979, green plant samples were taken 

on April 4, and, in 1980 samples were taken on February 6, and April 

18. The plant material taken on February 6, 1980 and April 18, 1980 

represent the IIboot stage ll of growth and the Ilheading out stagell of 

growth respectively. These diagnostic tissue samples were transported 

to the laboratory area where they were immediately rinsed with deion

ized water and placed in a greenhouse for 10 days. 

Laboratory Analyses 

Anaerobically digested, air dried sewage sludge from 

Chicago, Illinois was obtained in October 1979 from Dr. J. A. Ryan, 

Municipal Environmental Research Laboratory, U.S. EPA, Cincinatti, 

Ohio. Also, anaerobically digested, air dried sewage sludge was 
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obtained from the Prince Road Municipal Wastewater Treatment Facility, 

Tucson, Arizona. Subsamples of these sludges underwent lyophilization 

afterwhich, analyses were performed for total nitrogen and inorganic 

nitrogen. 1~ HN03 extractable P, K, Cu, Zn, Ni and Cd were also de

termined. 

Analyses for both total nitrogen and inorganic nitrogen 

(NHt ,N02 and NO;) were accomplished using respectively the modified 

Kjeldahl and micro-Kjeldahl techniques developed by Bremner (1965) and 

described in detail by Watson (1979). A 0.2g sample of sludge was 

used in the Kjeldahl digestion to determine total N. 

A O.lg sample of ball milled sludge was used for the 

determination of inorganic N. This sample was extracted with 125ml 

of 1N KC1. Extracts were then filtered through Whatman #42 filter 

paper and brought to volume at 250ml. A 25ml aliquot was then taken 

+ and used in steam distillation for NH 4-N and N0 2+N0
3
-N. Magnesium 

oxide was first added for the distillation of NH 4-N, followed by the 

addition of Devarda's Alloy to the same al iquot for the distillation 

of N0 2+N0
3

-N. The distillate was collected in boric-acid indicator 

solution and the titrant used was 0.005~ potassium biiodate (KH[10
3
]2). 

A 1~ HN0
3 

extraction (W-124 guidelines, 1979) of sludge 

was accomplished. 10.0g of sludge was placed in a 250ml Ehrlenmeyer 

flask after which, 50ml of 1~ HN0
3 

was added and allowed to sit over

night permitting gaseous evolution. The sludge plus solution mixture 

then underwent shaking for 24 hours, followed by centrifugation at 
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5,000rpm for 20 minutes and filtration through a fritted glass filter. 

Extractable K, Z~J Cu, Cd and Ni were analyzed on a Jarrel-Ash 810 

atomic absorption spectrophotometer. The transition metal concentra

tions were acheived through atomic absorption spectrophotometry using 

single element hollow cathode tubes, while the alkalai metal concen

tration was done through the emmission spectrophotometry mode. Ex

tractable phosphorus was determined by the Murphy-Riley method 

(Watanabe and Olsen 1965) using a Bausch and Laumb Spectronic 710. 

Before any sludge was applied to the land, both surface 

and depth soil samples were taken from representative areas of the 

field; after each harvest, additional surface samples were obtained 

through the use of an oakfield soil probe. Concentrations of extract

able Zn, Cd, Cu and Ni in depth samples were determined through a 

1~ HN0
3 

extraction (W-124 guidelines, 1979) and, both depth and sur

face samples were analyzed using a diethylenetriaminepentaacetic acid

triethanolamine (DTPA-TEA) extraction as described by Lindsay and 

Norvell (1969). Total phosphorus in depth samples was determined 

through a HN0
3

-H202-HC1 digestion (Fuller 1979). Surface samples were 

analyzed for extractable phosphorous using a 0.5~ NaHC03 extraction 

as described by Watanabe and Olsen (1965). In addition, a CO 2 ex

traction for nitrate and phosphate as "available" Nand P was per

formed on depth samples. 

Total N in the depth samples was accomplished through 

the Kjeldahl technique (Bremner 1960). 



The 1~ HN0
3 

extraction for soil was identical to that 

technique used for sludge except that gaseous evolution was not as 

drastic, and several hours of standing instead of overnight standing 

was sufficient. Analysis for metals was the same for soil as for 

sludge. 

The DTPA-TEA extraction was done by adding 20ml of 

extractant to 109 of sludge in a 125ml Ehrlenmeyer flask and shaking 

for 2 hours. Centrifugation followed by filtration, as in other ex

tractions was performed ultimately leading to atomic absorption 

analysis for extractable Cd, Cu, Ni and Zn. 

16 

Total phosphorus in soils was determined through the 

HN0
3

-H202-HCl digestion according to Fuller (1979). O.lg of soil was 

placed in a 100ml Berzelius beaker and 10ml of concentrated HN03 was 

added. A smooth watch glass was placed on the beaker and the samples 

were digested for 3 hours at approximately 70°C. After allowing the 

samples to cool, 2-3ml of H20Z was added and the samples were heated 

very carefully as effervescing was evident. When much of the organic 

matter had oxidized (evidenced by subsidence of bubbling), the samples 

were allowed to cool and 3-4ml of concentrated HCl was added. A 

grooved watchglass was placed on top of the beakers and the samples 

were again heated and permitted to evaporate. When 2-3ml remained in 

the beakers, the samples were removed, filtered through Whatman #41 

filter paper into 50ml volumetric flasks and brought to volume with 

deionized water. 1.0ml aliquots were then taken and tested for 

phosphorus as described previously. 
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A 0.5~ NaHC0
3 

extraction as described by Watanabe and 

Olsen (1965) for extractable phosphorous was done by adding 200ml of 

solution to 10gm of soil in a 250ml Ehrlinmeyer flask and shaking it 

for 24 hours. Procedures described above for centrifugation and fil

tration were performed on the samples and phosphorus was determined 

as previously described. 

Total nitrogen was determined through Kjeldahl analysis 

(Bremner 1960) in which 1.0g samples were first digested and then 

chemically reduced and distilled as previously outlined. 

As previously noted, the barley was harvested in the" 

field as respective grain and straw separates. After drying, straw 

yields were immediately determined; however, grain was first de-awned, 

separated from the grain dust by a gravimetric blower, and then 

weighed. Afterwards, grain yields were determined. Straw, grain and 

diagnostic were then ground in an intermediate Wiley Mill using a 

#40-mesh screen and stored. 

1.0g samples of straw and grain were then subjected to a 

standard nitric-perchloric acid digestion (Gieseking, Snider and Gets 

1935) where the samples were placed in 300ml Berzelius beakers, 

treated with 10ml of concentrated nitric acid, covered with grooved 

watchglasses and allowed to heat overnight at 50°C. After this pre

digestion period, 10ml of deionized water were added followed by 10ml 

of perchloric acid. The beakers were covered with a smooth watch

glass, placed on a hot plate, and gently boiled until all the organic 

matter was oxidized and the solution became straw-yellow. Boiling 
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was continued for t hour more, afterwhich, the beakers were allowed 

to cool and the sides were rinsed with deionized water so as to remove 

any plant adherents. The watchglass was removed and the solution was 

boiled and evaporated until dense perchloric acid fumes evolved, and 

2-3ml of a colorless liquid remained. This liquid was transferred 

into a volumetric flask and taken up to volume at 25ml. Transfer into 

50ml narrow-mouth nalgene bottles was immediately accomplished. 

Samples were analyzed for Cd, Cu, Ni and Zn according to recommended 

procedures on a Jarrel-Ash 810 atomic absorption spectrophotometer 

using single element hollow cathode tu~es. For those samples whose 

concentrations were below the instrument's sensitivity, a Perkin-Elmer 

503 atomic absorption spectrophotometer equipped with a HGA-2100 con

trol unit for a graphite furnace was employed. 

O.4gm straw, grain, and diagnostic tissue samples were 

subjected to Kjeldahl digestions and total nitrogen in respective 

separates were determined as previously outlined. 

Yield and nitrogen and metal concentrations afforded 

plant uptake data. Straw to grain ratios were determined through 

yield comparisons. 



CHAPTER 3 

RESULTS 

Since the Chicago sludge plots were not randomly distributed 

within the Tucson sludge plots, statistical comparisons between Tucson 

and Chicago sludge are not valid. However, graphic comparisons be-

tween these two sludges are indeed acheived. Differences or simi1ar-

ities drawn between these sludges are appropriate for comparative pur-

poses, since, economics negates inter-municipal ity import, let alone 

any inter-state import of sludge. Similarly, treatment plots which 

received only urea-N do not adhere to statistical design and although 

are not included in the statistical portion, are still presented for 

graphic comparisons. 

Analysis of variance and multiple analysis of variance 

were used for individual years and combined years respectively. The 

means were separated by least significant difference (LSD): 

LSD = 

where: 

t j2(Error M~an Square) 

r = number of repl ications (4 for ANOVA, 8 for MANOVA) 

= level of confidence (0.05 and 0.01) 

t = t-value at 9 degrees of freedom (Little and 
and Hills 1978) 

Results for heavy metal and nitrogen concentrations in 

straw and grain are given in Appendix A and B. 

19 
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Sludge 

Tucson sludge and Chicago sludge were both analyzed 

and subsequently scrutinized in terms of both their nutrient and heavy 

metal content (Table 1). As expected, the heavy metal content of 

Chicago sludge was higher than that of Tucson sludge. Most notice

able was the cadmium content of which Chicago sludge was more than 

30 times the concentration of Tucson sludge. 

Furthermore, nickel concentration (498ug/gm) in the 

Chicago sludge was nearly 10 times that in the Tucson sludge. The 

differences were less pronounced for zinc and copper. Chicago sludge 

contained 2,518ug/g zinc and 701ug/g copper while Tucson sludge had 

about half this amount. 

Interestingly, there was a reversal of trends concerning 

the nutrients nitrogen, phosphorus and potassium. Although the total 

nitrogen concentration of Tucson sludge (Watson 1979) was higher than 

the total nitrogen content of Chicago sludge, 2.00% as compared to 

1.87%, values of inorganic-N were higher for Chicago sludge. In 

essence, the organic-N concentration of Tucson sludge is 1.66% as 

compared to 0.82% organic-N in Chicago sludge. Analysis of Tucson 

sludge also reveals 1.53% total-P and 721ug/g total-K contrasting with 

1.30% total-P and 178ug/g total-K in Chicago sludge. 

Soil 

Additions of both Tucson and Chicago sludge resulted in 

recoverable amounts DTPA-extractable zinc, copper, nickel, cadmium, 



Table 1. Nutrient and Metal Concentrations of Tucson and 
Chicago Sludge. 

21 

Element Tucson Sludge Chicago Sludge 

% 

Total N 2.0 1.87 

NH4- N 0.30 0.70 

(N0
3 

+ N02) - N 0.04 0.25 

p 1.53 1.30 

ug/gm 

K 721 178 

Zn 1,409 2,518 

Cu 438 701 

Ni 55 498 

Cd 11 337 

See Watson, J. 
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and phosphorus in the 0-15cm layer of soil in significant excesses 

compared to that of untreated soil, Tables 2-4. Statistically signifi

cant levels of DTPA-extractable metals was always associated with the 

100mt/ha rate of application of sludge from both sources. In general, 

this held true for Chicago sludge at the 20mt/ha rate during 1979 as 

well as 1980, but not for the Tucson sludge. Only infrequently was it 

possible to demonstrate statistically significantly higher DTPA

extractable metals in Tucson sludge-treated soils at the 20mt/ha rate. 

The detection of DTPA-extractable element from sludge 

treated soil was not at the same level of significance for the dif

ferent metals. This finding requires that individual attention be 

given to each of the tested sludge elements. 

Zinc 

In 1979, experimental treatment applications resulted 

in highly significant amounts of DTPA-soluble zinc extracted from the 

soil of the Chicago plots (Figure 1). Significantly higher concen

trations of DTPA-soluble zinc were extracted from the soils of plots 

receiving either of the sludge applications, in comparison to the zinc 

concentrations detected in DTPA extracts from soils that did not re

ceive any sludge. In fact, the soils receiving the highest sludge 

application portrayed a high degree of statistical significance when 

its DTPA-soluble zinc concentration was compared to those DTPA-soluble 

zinc concentrations extracted from soils sUbjected to any of the other 



Table 2. Soil Elemental Concentrations for 1979 and the Least Significant Difference at the 
5% and 1% Probability Level. 

TREAHIENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

-_ .... _.-

Zn 
ug/gm 

3.17± 0.85 

5.26± 0./j5 

2.72± 1./jl 

6.23± 3.60 

/j3.14±15.70 

12.229 

17.570 

Cu 
ug/gm 

6. I 9±1.5/j 

6.67±0.57 

5.67±0.69 

5.85±1./j/j 

9. 32±1. 71 

2.092 

3.005 

TUCSON SLUDGE 

III 
ug/gm 

1.25±0.56 

1.lS±0.15 

1.82±1.71 

1.51±0./j6 

3.22±0.28 

1.307 

1.878 

Cd 
ug/gm 

0.29±0.28 

0.20±0.01 

O.15±O.02 

0.44±0.24 

1.00±0.30 

0.347 

0./j98 

p 
ug/gm 

29.60± 8.58 

22.70± 2.88 

26.2/j± 2.65 

9/j.39±31.26 

313.09±29.43 

32.191 

/j6.252 

Zn 
ug/gm 

/j.12± 2./j2 

5.00± 4.50 

3.57± 1.60 

17.92± 7.71 

59.51±12.09 

10.890 

15.6/j6 

CHICAGO SLUDGE 

Cu 
ug/gm 

6.25±0.93 

7.57±1.M 

5.27±0.80 

6.44±0.82 

19. 49±5. 31 

4.464 

6./jl/j 

Ni 
ug/gm 

0.99±0.09 

1./j4±0.29 

0.93±0.12 

/j.89±1.03 

7.93±1.16 

1.074 

1.5/j3 

Cd 
ug/gm 

0.5/j±0.76 

0.23±0.33 

0.18±0.08 

1.64±0.11 

4.86±1.55 

1.261 

1.812 

p 
ug/gm 

23.98± 7./j8 

30.90± 4.91 

2/j.50± 3.25 

104.58± 9.83 

251.40±38.98 

35.520 

51.035 

N 
W 



Table 3. Soil Elemental Concentrations for 1980 and the Least Significant Difference at the 
5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

ZO mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

. 
LSD .01 

Zn 
ug/gm 

1. 35tO.64 

1. 78±0. 11 

1.10±0.38 

.. 

6.04±0.39 

19.Z7±4.11 

3.399 

4.884 

TUCSON SLUDGE 

. Cu 
ug/gm 

Z.70tO.37 

Z.69±0.08 

Z.68±0.Z5 

4.07±0.58 

7.19tl.01 

1.086 

1.560 

III 
ug/gm 

0.16to.08 

0.14±0.oZ 

0.14±0.11 

0.37tO.05 

0.68±0.15 

0.15Z 

0.z18 

Cd 
ug/gm 

o.oao.oo 

O.OZ±O.OO 

O.OZtO.Ol 

0.04±0.00 

0.12±0.03 

0.000 

0.000 

p 

ug/gm 

18.65t 5.53 

10.90± 4.69 

19.33± Z.69 

58.70tZZ.03 

160.83±15.63 

ZZ.770 

3Z.715 

Zn 
ug/gm 

1.80tZ.06 

1.11±1.97 

1. 14tO. 19 

19.31±5.66 

45.46±9.02 

8.070 

11. 594 

CHICAGO SLUDGE 

Cu 
ug/gm 

z.66tO.15 

Z.79±0.ZZ 

Z.41±0~ZO 

8.Z8±0.66 

15.50±3.14 

z.484 

3.569 

NI 
ug/gm 

0.16±0.D4 

0.19±0.10 

0.10±0.OZ 

1.48±0.Z7 

I 

3.Z5±0.9Z 

0.714 

1.0Z5 

Cd 
ug/gm 

0.04tO.Ol 

0 .• 03tO.01 

0.03±0.00 

1.59±0.41 

4.00±0.69 

0.613 

0.881 

p 

ug/gm 

15.Z0t 4.64 

11.00± 0.00 

ZO.33± 6.10 

84.47±19.21 

157.77±35.60 

34.Z61 

49.225 

N 
.l:" 



Table 4. Soil Elemental Concentrations Over Two Years (1979 and 1980) and the Least 
Significant Difference at the 5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
ug/gm 

2.26±0.75 

3.52±0.28 

2.33±0.90 

6.14±2.00 

31.21±9.91 

6.2739 

9.0143 

" 

TUCSON SLUDGE 

Cu 
ug/gm 

4.45±0.96 

4.68±0.33 

4.18±0.47 

4.96±1.01 

8.26±1.36 

1. 0796 

1. 5511 

III 
ug/gm 

0.71±0.32 

0.65±0.09 

0.98±0.91 

0.94±0.26 

1.95±0.22 

0.6250 

0.8980 

Cd 
ug/gm 

0.16±0.14 

0.1t±0.00 

0.09±0.02 

0.24±0.12 

0.56±0.17 

0.1622 

0.2331 

p 
ug/gm 

24.13± 7.06 

16.80± 3.79 

22.79± 2.67 

76.55±26.56 

236.96±22.53 

20.4125 

29.3283 

Zn 
ug/gm 

2.96± 2.24 

3.06± 3.24 

1.93± 0.90 

lB.62± 6.69 

52.49±10.56 

:8.943 

12.849 

CHICAGO SLUDGE 

Cu 
ug/gm 

4.46±0.54 

5.18±0.63 

3.84±0.50 

7.36±0.74 

17.50±4.23 

3.3790 

4.8548 

NI 
ug/gm 

0.58±0.07 

0.82±0.20 

0.52±0.07 

3.19±0.65 

5.59±1.04 

0.5696 

0.8184 

Cd 
ug/gm 

0.29±0.39 

0.13±0.17 

0.1t±0.04 

1.62±0.26 

4.43±1.12 

0.8658 

1.2439 

p 
ug/gm 

. 19.59± 6.06 

20.95± 2.46 

22.42± 4.68 

94.53±14.52 

204.59±37.29 

27.4202 

39.3968 

N 
\11 
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Figure 1. DTPA-extractable Zinc and Cadmium of Pima c.l. Alone and Amended in 1979 and 1980 
with Nand P Fertilizers and 20 and 100 mt/ha (1979 only) of Anaerobically Digested 
Municipal Sewage Sludge from Tucson and Chicago. 
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treatments. The Tucson sludge plots also accumulated highly signifi

cant DTPA-soluble zinc concentrations compared to the untreated plots 

in 1979. Highly significant statistical differences between the DTPA 

soluble zinc concentrations of soils. receiving the high sludge treat

ment and that concerning all other treatments were evidenced. 

Statistically highly significant amounts of zinc were 

recovered from the soil as in 1980 as a result of experimental additions 

of both Tucson and Chicago sludge. The soils of both sludge treatments 

of the Chicago plots showed highly significant concentrations of DTPA

soluble zinc when compared to the soils of those plots receiving no 

sludge. Both sludge treatments differed from one another. In con

trast, only the highest rate of sludge application resulted in highly 

significant concentrations of DTPA-extractable zinc in these soils as 

compared to the soils of all of the other treatments. 

Zinc additions to the soil in the form of experimental 

treatments over the combined two years was again highly significant 

for both Tucson and Chicago plots as reflected by the DTPA-extractable 

zinc. The Chicago plots showed similar trends at both LSD levels, 

such as those occurring for the year 1980. Only the highest applica

tion of Tucson sludge resulted in levels of DTPA-soluble zinc in excess 

of those levels in any of the other experimental treatments at a highly 

significant statistical degree. Additionally, the Chicago plots were 

statistically different between 1979 and 1980, and, a year-by-treatment 

interaction also indicated significant differences. The Tucson plots 



portrayed highly significant differences between the two years and 

the year-by-treatment interaction. 

Copper 

28 

The concentration of DTPA-soluble copper statistically 

increased significantly as a result of additions of Tucson and Chicago 

sludge to the Pima clay loam field plots in both years of experimenta

tion (Figure 2). In 1979, there were no differences between the 

sludge sources. No statistical differences in DTPA-soluble copper 

were found between the untreated control, the N+P, and the low sludge 

treatments. In contrast, differences between these plots and the high 

sludge plots were highly significant. In 1980, there were no signifi

cant differences in DTPA-soluble copper between the no-sludge and N+P 

soils, yet the low sludge and high sludge treatments differed signifi

cantly not only from the no sludge treatment but from each other. In 

1980, the trends for Tucson sludge treated soils were similar to those 

of plots receiving Chicago sludge. 

Over the combined two years, the concentration of DTPA

soluble copper was statistically higher in both Tucson and Chicago 

sludge treated soils when compared with soils receiving no sludge and 

N+P only. The Chicago sludge plots were statistically higher than the 

no sludge or N+P plots in DTPA-soluble copper at both levels of 

application. In contrast, the Tucson sludge plots were significantly 

higher than untreated plots in DTPA-soluble copper only at the highest 

rate of applicetion. 
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Nickel 

In 1979, the concentration of DTPA-soluble nickel was 

found to be highly significantly greater in those field plots receiving 

the 100mt/ha of sludge as compared to those not receiving sludge 

Table 3). At the lower level of 20mt/ha, however, only those soils 

receiving Chicago sludge were found to have statistically significantly 

more DTPA-so1ub1e nickel than the control and N+P treated soils. For 

1979, therefore, in the Tucson sludge comparisons, there was no sig

nificant difference in soluble nickel from soils taken from the con

trol, N+P, or 20mt/ha sludge plots. Data for 1980 was similar to that 

for 1979, except for the Tucson sludge treated plots where low levels 

of sludge were applied. In this instance, significantly more DTPA

soluble nickel appeared in the sludge treated soil than in the N+P 

and no sludge treated soil. 

Comparing the data for the combined two years and tow 

sources, sludge applications resulted in significantly more soluble 

nickel in soils than where no sludge was added. The Chicago sludge 

plots at both the 0.05 and 0.01 LSD levels showed no difference between 

the no sludge treatments while soils from the two levels of sludge 

applications differed from both the 0 and N+P treatments as well as 

from ·each other. Soils from the Tucson sludge plots differed in DTPA

soluble nickel only at the highest level of sludge application. 

The Chicago and Tucson plots also showed a highly significant 

difference in soluble nickel between years, yet, only the Chicago sludge 

plots portrayed a highly significant year-by-treatment interaction. 
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Cadmium 

The DTPA-soluble cadmium was found in both years to be 

significantly higher in soils receiving both Tucson and Chicago sludge 

as compared with soils not receiving sludge (Figure 1). Differences 

on soils from plots of the 100mt/ha application of Chicago sludge, 

were highly significant from all other treatments. In 1980, this was 

also true for the 20mt/ha sludge application. 

Application of Tucson sludge did not appear to influence the 

DTPA-soluble cadmium in soils except for the 100mt/ha rate. No differ

ences in cadmium were found for no sludge, no sludge with N+P treatment, 

and 20mt/ha sludge in 1979. In 1980, however, all treatments differed 

significantly from each other with respect to DTPA-soluble cadmium. 

Comparing the accumulative data for 1979 and 1980, soluble 

cadmium was highly significantly higher in sludge than no sludge 

treated soils. Both sludge applications of the Chicago sludge plots 

resulted in highly significant concentrations of DTPA-extractable 

cadmium as compared to those plots receiving no sludge. In the Tucson 

plots, only the highest rate of sludge application resulted in a com

parable response. The addition of nitrogen and phosphorus to soils 

did not appear to significantly effect the DTPA-soluble cadmium content. 

The year-by-treatment interaction were highly significantly 

different due to treatments only where Tucson sludge was applied. 

Chicago sludge plots, however, were significantly different in soluble 

cadmium between the two years. 
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Phosphorus 

Addition of either sludge source to Pima clay loam increased 

the extractable phosphorus to a highly significant extent (Figure 3). 

Phosphorus proved to be one of the more predictable elements in this 

study as statistically identical trends occurred not only at both LSD 

levels, but for 1979, 1980 and both years combined. These trends 

appeared in both Tucson and Chicago plots and were exemplified by 

statistical dissimilarity between sludge treatments. Indeed, the non

sludge treatments showed no differences relative to phosphorus additions 

while the two sludge treatments each differed from both of these treat

ments and from one another. 

Highly significant trends were seen in Tucson and Chicago 

plots regarding phosphorus additions to soils for 1979, 1980 and both 

years combined. Additionally, both Tucson and Chicago plots displayed 

a highly significant difference between the two years as well as a 

highly significant year-treatment interaction. 

"Metal Uptake," (mg/kg), as it is referred to in this 

paper denotes the product of the concentration (mg/kg) times the yield 

(kg/ha). 

Grain 

Yield 

Significant differences in grain yields due to sludge 

applications were noted only in the 1979 Tucson plots (Table 5 and 6, 

Figure 4). Sludge treated plots resulted in grain yields similar to 
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Table 5. Yield, Weight Per Unit Barley Head, and Straw to Grain Ratio for 1979 and the 
Least Significant Difference at the 5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

------------

Straw 
Yield 

2872.1±lj23.8 

3682.9±150.8 

3010.0±ljI6.0 

360B.2±lj23.1 

lj090.3±1000.7 

N.S 

N.S 

_.-

gm/head 

0.66±0.11 

O. n±o. 11 

0.75±0.07 

O.7lj±O.10 

0.71±0.05 

N.S 

N.S 

TUCSON SLUDGE 

Straw 
Grain 

1. 59: 1 to. 2lj 

1. 67: ao. 4lj 

1 .lj7: 1 ±O. 17 

1.59: 1±O. 32 

1.61:1±0.29 

N.S 

N.S 

Grain 
Yield 

1823.0±lj28.2 

2208.3±648.8 

206lj.2±lj32.2 

2250.0±502.5 

2lj93.0±lj8lj.9 . 

ljlo.679 

590.056 

Straw 
Yield 

3757.1± 510.0 

398lj.O± 374.8 

3331.2±1015.7 

3723.1± 99.lj6 

3701.3± 398.8 

N.S 

N.S 

CHICAGO SLUDGE 

gm/head 

0.06±0.80 

0.85±0.06 

0.68±0.20 

0.77±0.07 

0.76±O.03 

N.S 

N.S 

Straw 
Grain 

l.lj3:1±0.11 

1.33:1±0.Olj 

1.50:1±0.29 

1.50:1±O.19 

1.99:1±0.38 

0.372 

0.53lj 

Grain 
Yield 

26ljlj.8±lj31.9 

2982.9±746.2 

2311.6±882.0 

2505.7±337.8 

1882.9±176.0 

N.S 

N.S 

--------------

w 
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Table 6. Yield, Weight Per Unit Barley Head, and Straw to Grain Ratio for 1980 and the Least 
Significant Difference at the 5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Straw 
Yield 

3074.0±654.0 

2~~1.3±720.7 

2996.0±798.7 

3449.4±141.1 

3478.1±546.0 

N.S 

N.S 

gm/head 

1.47±0.15 

1.53±O.10 

1. 52±0. 14 

1.57±0.27 

1.54±0.22 

N.S 

N.S 

TUCSON SLUDGE 

Straw 
Grain 

0.93:1±0.02 

0.88: 1±O. 32 

1.01: 1±O.O7 

1.01:1±0.13 

0.94:1±0.18 

N.S 

N.S 

Grain 
Yield 

3289.0±660.3 

2631.7±128.8 

2968.1 t 760.7 

3422.3±310.5 

3681.2±976.6 

N.S 

N.S 

Straw 
Yield 

2455.2±277.9 

2337.0±522.2 

2788.0±~89.6 

2298.5±576.9 

2786.0±545.5 

N.S 

N.S 

CHICAGO SLUDGE 

gm/head 

1. 43tO. 17 

1.47tO.o8 

1.39t O.13 

1.61 ±0.11 

1.50±0.27 

N.S 

N.S 

Straw 
Grain 

1.03:1±0.02 

1.27:1±O.O4 

1.31:1±0.19 

1.04: 1±0.06 

1.~0:1±0.15 

0.175 

0.252 

Grain 
Yield 

2393.3±304.2 

2263.3±372.5 

2195.1±667.2 

2194.7±420.0 

2038.0±612.1 

N.S 

N.S 

-

W 
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yields acheived through commercial fertilization. In fact, grain 

yields significantly in excess of those attained in the N+P plots were 

harvested in plots receiving the highest rate of sludge application. 

Yields were not significantly different for Tucson or Chicago plots 

over the two-year period (Table 7), however, a highly significant 

difference between years was realized for Tucson plots. 

Metal Uptake 

Zinc uptake in barley grain was significantly higher in 

1979 and 1980 due to sludge applications to Tucson plots. In Chicago 

plots there was no significant increase in zinc uptake over untreated 

plots in either year (Tables 8 and 9, Figure 5). In the 1979 Tucson 

plots, both sludge levels resulted in significantly greater amounts of 

zinc taken up in barley grain as compared to those plots receining no 

sludge. The 1980 Tucson plots again indicated significantly greater 

quantities of zinc being accumulated in the grain of both sludge plots 

when compared to that of the no sludge plots; the sludge treatments as 

compared to each other were statistically similar. 

Over the two-year combined period, zinc uptake in grain 

of the sludge treated plots was highly significantly greater as com

pared to grain grown without the use of sludge in the Tucson plots; 

and, significantly higher for this relationship in the Chicago plots 

(Table 10). In the Chicago plots over this two-year span, the 20mt/ha 

sludge treatment resulted in significantly higher amounts of zinc 

accumulated by the grain than those plots which did not receive any 



Table 7. Yield, Weight Per Unit Barley Head, and Straw to Grain Ratio Over Two Years (1979 
and 1980) and the Least Significant Difference at the 5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

Straw 
Yield 

2973.0±538.9 

3062.1±435.8 

3003.0±607.4 

3528.8±282.1 

100 mt/ha 
3784.2±773.4 (single) 

LSO .05 599.761 

LSD .01 861.761 

--

gm/head 

1.07±0.13 

1.13±0.11 

1.14±0.11 

1. 16±O. 19 

1.13±0.14 

N.S 

N.S 

TUCSON SLUDGE 

Straw 
Grain 

1.26:1±0.13 

1.28:1±0.38 

1.24:1±0.12 

1.30:1±O.23 

1.28:1±0.24 

N.S 

N.S 

Grain 
Yield 

2556.0±544.3 

2420.0±388.8 

2516.2±596.5 

2836.2±406.5 

3087.1±730.8 

N.S 

N.S 

----

Straw 
Yield 

3106.2±394.0 

3160.5±448.5 

3059.6±752.7 

3010.8±338.2 

3243.7±4n.2 

N.S 

N.S 

----

CHICAGO SLUDGE 

gm/head 

1.12±0.12 

1.16±0.07 

1.04±0.17 

1.19±O.O9 

1.13±0.15 

N.S 

N.S 

Straw 
Grain 

1.23:1±0.07 

1.30: 1 ±0.04 

1.41: 1 ±0.24 

1.27:1±O.13 

1.70:1±0.27 
. 

0.2581 

0.3708 

Grain 
Yield 

2519.1±368.1 

2623.1±559.4 

2253.4±774.6 

2350.2±378.9 

1960.5±394.1 

N.S 

N.S 

w 
~ 



Table 8. Grain Uptake for 1979 and the Least Significant Difference at the 5% and 1% 
Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
gm/ha 

83.47±14.03 

101.38±27.10 

90.04±17.93 

122.15±12.75 

167.43±32.28 

26.158 

37.583 

TUCSON SLUDGE 

Cu 
gm/ha 

16.27±3.39 

20.14±4.59 

17.46±3.77 

21.85±4.37 

22.11±5.58 

3.995 

5.740 

-

NI 
gm/ha 

8.31±5.30 

8.63±1.87 

6.50±2.46 

13.32±8.07 

14.53±5.58 

N.S 

N.S 

Cd 
gm/ha 

o.M±O.OI 

o.M±o.oo 

0.04±0.OI 

0.05±O.55 

O.O5±O.71 

N.S 

N.S 

N 
kg/ha 

44.66± 8.39 

53.22±10.51 

48.51± 9.22 

56.25±10.85 

64.70±10.96 

8.692 

12.488 

Zn 
gm/ha 

117. ]2±21 .80 

132.95± 3.39 

102.31±35.80 

129.09±11.19 

111.37± 4.81 

N.S 

N.S 

CHICAGO SLUDGE 

Cu 
gm/ha 

23.M±4.37 

26.13±2.77 

18.77±8.68 

22.85±3.22 

17.98±2.97 

N.S 

N.S 

Ni 
gm/ha 

9.26±3.14 

5.55±3.38 

6.56±1.70 

8.74;1:3.32 

8.47±2.08 

N.S 

N.S 

Cd 
gm/ha 

O.05±0.63 

O.06±0.Oo 

0.O5±O.32 

0.48±0.55 

O.56±O.65 

N.S 

N.S 

N 
kg/ha 

61.36±3.93 

73.08±4.16 

55.71±20.5 

59.39±7.70 

48.20±5.03 

N.S 

N.S 

4 

'-~ 
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Table 9. Grain Uptake for 1980 and the Least Significant Difference at the 5% and 1% 
Probability Level. 

TREAHIENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
gm/ha 

115.94±27.53 

117.03± 2.04 

112.22±24.25 

165.33±1/j.02 

181.59±41./j9 

45.597 

65.513 

_._--

TUCSON SLUDGE 

Cu 
gm/ha 

37.66±16.53 

24.79± 0.22 

39.5/j±14.61 

31.25± 2.15 

35.74±10.12 

N.S 

N.S 

--

NI 
gm/ha 

18.19±5.75 

15.58±0.25 

16.53±1.90 

19.34±4.84 

25.29±8.60 

N.S 

N.S 

---

Cd 
gm/ha 

0.08±0.02 

0.06±0.02 

0.05±0.01 

0.08±0.05 

0.09±0.09 

N.S 

N.S 

N 
kg/ha 

54.27±12.18 

48.16± 1.16 

51.94±11.34 

63.31± 3.81 

67.37±15.32 

N.S 

N.S 

~---

Zn 
gm/ha 

79.41±16.94 

107.05±18.07 

88.66±19.49 

121.5/j±30.37 

120.06±33.32 

N.S 

N.S 

-_._.-

CHICAGO SLUDGE 

Cu 
gm/ha 

25.80± 8.62 

21.75± 6.72 

20.88± 3.47 

23. 66±13. 65 

23.97±13.17 

N.S 

N.S 

-

Ni 
gm/ha 

13.45±2.46 

12.79±4.80 

".22±3.89 

14.18±3.94 

13.17±3.60 

N.S 

N.S 

Cd 
gm/ha 

0.06±0.03 

0.04±0.02 

0.05±0.01 

0.11±0.05 

0.21±0.04 

0.072 

0.103 

N 
kg/ha 

35.90± 9.74 

44.36±10.04 

41.49±11.76 

/jl./j8± 9.97 

39.33± 9.17 

N.S 

N.S 

~ 
o 
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Table 10. Grain Uptake Over Two Years (1979 and 1980) and the Least Significant Difference 
at the 5% and 1% Probability Level. 

TREAHIENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
gm/ha 

99. 71±20. 78 

109.21±14.57 

101.13±21.09 

143.74±13.39 

174.51 ±36. 89 

29.2944 

42.0897 

~-----

Cu 
gm/ha 

26.97±9.96 

22.47±2.41 

28.50±9.19 

26.55±3.26 

28.93±7.85 

N.S 

N.S 

-

TUCSON SLUDGE 

NI 
gm/ha 

13.25±5.53 

12.11±1.06 

".52±2.,8 

16.33±6.46 

19.91±7.09 

N.S 

N.S 

Cd 
gm/ha 

0.06±0.02 

0.05±0.01 

0.05±0.01 

0.07±0.30 

0.07±0.37 

N.S 

N.S 

N 
kg/ha 

49.46±10.29 

50.69± 5.84 

50.22±10.28 

59.78± 7.33 

66.03±13.14 

11.0660 

15.8995 

-----

Zn 
gm/ha 

98.56±19.37 

120.00±10.73 

95.48±27.65 

125.31±20.78 

115.72±19.07 

21.3335 

30.6516 

------- --

Cu 
gm/ha 

24.42±6.50 

. 23.94±4.75 

19.83±6.08 

23.26±8.44 

20.98±8.07 

N.S 

N.S 

~-

CHICAGO SLUDGE 

Ni 
gm/ha 

".36±2.25 

9.17±4.09 

8.89±2.80 

11.46±3.63 

10.82±2.84 

N.S 

N.S 

_. 

Cd 
gm/ha 

0.06±0.33 

0.05±0.01 

0.05±0.17 

0.30±0.30 

0.39±0.35 

N.S 

N.S 

N 
kg/ha 

48.63± 6.84 

58.72± 7.10 

48.60±16.50 

50.44± 8.84 

43.77± 7.10 

N.S 

N.S 

----- -----.--~ 

N 
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sludge. In the Tucson plots, both sludge treatments resulted in 

greater zinc uptake than that which occurred in grain from the no 

sludge plots. In fact, the 100mt/ha sludge appl ication was responsi

ble for a significantly greater amount of zinc accumulated in the 

barley grain than in grain grown with 20mt/ha of Tucson sludge. 

Zinc uptake in grain in the Tucson plots in 1979 was highly signifi

cantly different comparing the difference in zinc uptake in grain 

for those same plots in 1980. 

Significant differences in copper intake in barley grain 

appeared only in the 1979 Tucson plots (Tables 8 and 9, Figure 6) 

where both sludge applications resulted insignificantly higher 

quantities of copper being accumulated in barley grain than in grain 

where no sludge was appl ied. The difference between 16.27g/ha copper 

in grain grown on plots receiving no treatment and the 22.llg/ha 

copper in grain grown on plots receiving 100mt/ha sludge was highly 

significant. Although copper intake in grain resulting from sludge 

applications was not significant for either Chicago or Tucson plots 

over the two-year span (Table 10), the amount of copper uptake in 

grain of the Tucson plots for 1979 was highly significant as com

pared to the copper uptake data of those same plots in 1980. 

There was no statistical difference between any of the experi

mental treatments concerning nickel uptake in grain for either 

sludge source in 1979, 1980 or over the combined two years (Tables 8, 
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9 and 10, Figure 7). The difference between 1979 and 1980 regarding 

nickel uptake in grain was highly significant in the Tucson sludge 

plots. 

Cadmium uptake in grain grown with sludge was highly signi

ficantly different than the grain grown without sludge only in the 

1980 Chicago sludge plots (Tables 8 and 9, Figure 8). The highest 

rate of sludge appl ication resulted in significantly greater amounts 

of cadmium being accumulated in the grain portion of the barley 

as compared to cadmium accumulated in the grain of the control, the 

N+P, or the 20mt/ha sludge plots. There was no significant difference 

concerning cadmium uptake in grain grown using sludge as compared to 

grain grown with sludge over the combined two-year period for Chicago 

or Tucson sludge plots. 

Highly significant differences in the nitrogen uptake in 

grain appeared only in the 1979 Tucson sludge plots (Tables 8 and 9, 

Figure 9). Although both sludge treatments were responsible for 

amounts of nitrogen uptake in grain similar to that in grain grown 

with commercial fertil izers, only that grain grown with the highest 

rate of sludge application resulted in nitrogen uptake in grain of 

plots receiving both urea and treble superphosphate. Nitrogen uptake 

in grain over the combined two-year period was significantly higher 

only in the Tucson plots (Table 10) where the plots that received 
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application of 100mt/ha sludge proved more effective in supplying 

nitrogen to the grain than any of the plots where there was no sludge 

app 1 ied. 

The weight per unit barley head grown on sludge treated 

soils as compared to those grown without sludge was not significantly 

different in either Tucson or Chicago plots for 1979, 1980 or over 

the combined two years (Tables 5, 6 and 7). Tucson and Chicago 

plots did however, show a high degree of significant difference 

when comparing nitrogen uptake in grain in 1979 to that of 1980. 

St raw 

Yield 

There were no significant differences in the straw fields 

of either Tucson or Chicago sludge plots for 1979 or 1980 (Tables 5 

and 6, Figure 4); however, over the combined two years, Tucson 

sludge-treated plots were significantly different from the no-sludge

treated plots (Table 7). Here, straw yields resulting from the 

100 mt/ha sludge appl ication were significantly greater than straw 

yields taken from those plots where no sludge was applied. There 

was a high degree of significance concerning the difference in 

straw yields between 1979 and 1980 in the Chicago sludge plots. 
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Metal Uptake 

The amount of zinc found in barley straw relative to sludge 

application was highly significant in the 1979 Chicago plots and 

significant for those same p.1ots in 1980 as compared with straw from 

no sludge treatments. The highest level of Chicago sludge application 

resulted in zinc being amassed in barley straw in high significant 

amounts when compared to the zinc uptake in straw grown on plots that 

did not receive sludge for both the 1979 and 1980 crops. Although 

levels of zinc uptake were consistently greater in straw from the 

100mt/ha sludge plots than in straw from the 20mt/ha sludge plots, 

there was no statistical difference between the two different rates 

of appl ication. 

Zinc concentrations in straw from Tucson plots were signi

ficantly different due to sludge additions for 1979 and 1980 (Tables 

11 and 12, Figure 5). In the 1979 Tucson plots, zinc taken up by 

straw grown with the high sludge application resulted in statis

tically significant responses when compared with straw grown in 

the absence of sludge. I n the 1980 Tucson plots it was both sludge 

treatments that were responsible for significantly higher levels 

of zinc being accumulated in straw when compared to the zinc 

uptake trends of the no-sludge plots. 



Table 11. Straw Uptake for 1979 and the Least Significant Difference at the 5% and 1% 
Probability Level. 

TREATHENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
gm/ha 

42.08±10.69 

48.80±16.93 

56.38±30.83 

96.30±38.58 

129.34±51.86 

64.772 

93.063 

TUCSON SLUDGE 

Cu 
gm/ha 

25.53± 4.54 

38.38± 1. 62 

26.94± 7.59 

41.67±20.94 

36.61± 8.87 

N.S 

N.S 

NI 
gm/ha 

14.82±2.25 

24.23±8.94 

13.61±5.19 

23.63±3.29 

26.83±7.01 

7.359 

10.573 

Cd 
gm/ha 

2.86±0.28 

3.69±0.35 

3.41±1.26 

5.23±2.94 

5.03±1.56 

N.S 

N.S 

-------- --

N 
kg/ha 

28.15± 4.28 

39.78± 2.31 

25.59± 5.67 

36.80± 5.77 

49.08±11.98 

11.032 

15.850 

---------

Zn 
gm/ha 

41. 74± 5.18 

43.19± 7.52 

44.77± 9.40 

89.47±27.53 

128.84±58.81 

52.269 

75.100 

----_ .. _----_ ... _---

CHICAGO SLUDGE 

Cu 
gm/ha 

32.76± 3.40 

41.47± 7.83 

26.98± 5.88 

41.40±17.89 

38.05±6.40 

9.105 

13.081 

1 _______________ 

Ni 
gm/ha 

18.18±3.91 

26.17±5.78 

17.26±5.25 

21.85±4.80 

24.24±7.73 

. N.S 

N.S 

----

Cd 
gm/ha 

3.01±1.07 

4.36±1.40 

3.64±1.68 

4.95±0.76 

6.51±3.15 

N.S 

N.S 

N 
kg/ha 

30.81± 8.21 

37.85± 6.05 

30.31± 7.84 

39.46± 6.60 

41.08± 5.69 

N.S 

N.S 

U1 



Table 12. Straw Uptake for 1980 and the Least Significant Difference at the 5% and 1% 
Probability Level. 

TREATHENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 
. 

LSD .05 

LSO .01 

Zn 
gm/ha 

3~.6~± 6.~2 

36.13±25.44 

3~.~2±10.72 

69.13±38.39 

71.20±27.~6 

29.013 

41.685 

TUCSON SLUDGE 

Cu 
gm/ha 

36.~3± ~.9~ 

23.27±11.70 

32.81± 8.18 

33.22± 9.28 

37.01±17.91 

N.S 

N.S 

NI 
gm/ha 

1~.5~±6.76 

8.40t3.54 

14.86±4.14 

18.59±5.50 

17.74±2.73 

N.S 

N.S 

Cd 
gm/ha 

3.87±0.77 

2.28±0.33 

3.04±1.17 

4.07±1.07 

4.00±2.18 

N.S 

N.S 

N 
kg/ha 

18.~4± 6.06 

23.44± 7.55 

19.47± 4.82 

26.56±11.0~ 

30.61± 3.77 

N.S 

N.S 

- -

Zn 
gm/ha 

35.60±13.06 

40.08± 9.55 

38.73±17.40 

65.67±29.71 

89.12±16.15 

33.293 

47.835 

CHICAGO SLUDGE 

Cu 
gm/ha 

34.30±17.76 

22.72t 5.10 

32.98± 7.21 

23.08± 8.22 

33.77± 6.72 

N.S 

N.S 

--

Ni 
gm/ha 

9.70±1.10 

9.39±1.13 

10.87±3.19 

10.87±3.45 

15.16±5.97 

N.S 

N.S 

Cd 
gm/ha 

2.95±1.99 

2.95tO.64 

2.93±2.10 

3.71±0.81 

4.65±1.51 

N.S 

N.S 

-- - ._-_ .. _.-

N 
kg/ha 

12.28t3.93 

20.33±9.50 

21.19±0.70 

18.16±9.12 

24.23±2.ll 

7.113 

10.220 

V1 
N 
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Comparing the combined two years, zinc uptake in straw 

was highly significantly greater from treatments of both Chicago and 

Tucson sludge (Table 13). In the Chicago plots, both levels of sludge 

additions resulted in greater amounts of zinc in straw than the zinc 

in straw from plots where there~as no application of sludge. 

Statistically, the highest sludge appl ication resulted in signifi

cantly more zinc in straw compared with the no-sludge treatments. 

Tucson plot treatments would have been statistically identical to 

the Chicago plot treatments over this two-year period, except for 

the fact that there were no statistically significant differ.ences 

between the high and the low sludge appl ications. Only in the Tucson 

plots, was 1979 highly significant in zinc-straw uptake as compared 

to that phenomenon in 1980. 

Barley straw from plots receiving Chicago sludge at both 

the 20 and 100mt/ha rates was found to contain greater amounts of 

copper than straw from barley grown on plots receiving no sludge. 

Commercial fertil izer use did not change these findings. These 

differences were significant only in 1979 and only for the Chicago 

sludge plots. 

Significant differences in nickel content of barley straw 

appeared only in 1979 and only for the Tucson sludge treatment (Tables 



Table 13. Straw Uptake Over Two Years (1979 and 1980) and the Least Significant Difference 
at the 5% and 1% Probability Level. 

TREATHENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
gm/ha 

38.36± 8.56 

1J2.1J7±21.19 

45.40±20.78 

82.72±38.49 

100.27±39.66 

35.0509 

50.3605 
.' 

-_.-

TUCSON SLUDGE 

Cu 
gm/ha 

30.98± 4.74 

30.83± 6.66 

29.88± 7.89 

37.45115.11 

36.81±13.39 

N.S 

N.S 

NI 
gm/ha 

14.68±4.01 

16.23±6.21J 

14.24±4.67 

21.11±4.40 

22.29±4.87 

4.2422 

6.0951 

Cd 
gm/ha 

3.37±0.53 

2.99±0.31J 

3.23±1.22 

4.65±2.01 

4.52±1.87 

N.S 

N.S 

N 
kg/ha 

23.30±5.17 

31.61±1J.93 

22.53±5.25 

31.68±8.41 

39.8517.88 

6.9754 

10.0222 

Zn 
gm/ha 

38.67± 9.12 

1J1.61J± 8.51J 

41.75±13.40 

77.57±28.62 

08.98±37.48 

8.0922 

~D.3623 

Cu 
gm/ha 

33.53±10.58 

32.10± 6.1J7 

29.981 6.55 

32.24±13.06 

35.911 6.56 

N.S 

N.S 

CHICAGO SLUDGE 

Ni 
gm/ha 

13.94±2.51 

17.78±3.1J6 

14.07±4.22 

16.36±4.13 

19.70±6.85 

N.S 

N.S 

- -- ------ --_._--

Cd 
gm/ha 

2.98±1.53 

3.66±1.02 

3.29±1.89 

4.33±0.79 

5.58±2.33 

1.8909 

2.7168 

N 
kg/ha 

21.54±6.07 

29.09±7.53 

25.75±4.27 

28.81±7.86 

32.66±3.90 

7.2925 

10.4778 

V1 
J::-
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11 and 12, Figure 7). Both rates of sludge application were responsi

ble for greater amounts of nickel taken up in the straw as compared to 

straw from no-sludge plots. 

Comparing the combined two-year data, only the barley straw 

from the Tucson sludge plots was significantly higher in nickel than 

that from no-sludge plots (Table 13). Nickel content of straw was not 

influenced significantly by additions of Chicago sludge to the Pima 

clay loam, but, the 1979 Chicago nickel-straw uptake data was highly 

significant when compared to that data for 1980. 

Cadmium uptake in straw grown with the use of sludge was 

not significantly different from cadmium uptake in straw grown on no

sludge plots in either Chicago or Tucson plots for both 1979 and 1980 

(Tables 11 and 12, Figure 8). Over the combined two-year period, 

only the highest Chicago sludge application resulted in significantly 

greater cadmium uptake in straw than that which occured in either the 

control or the N+P applications. 

Nitrogen content of barley straw was influenced signifi-

cantly by sludge applications. Differences were highly significant in 

the 1979 Tucson plots and significant in the 1980 Chicago plots (Tables 

11 and 12, Figure 9). In the 1979 Tucson plots, the nitrogen content 

in straw from the 100mt/ha sludge plots was highly significantly 

greater as compared to the nitrogen content in straw from the no

sludge plots. In the 1980 Chicago plots, there appeared to be no 

statistical differences in the nitrogen being taken up by straw grown 
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on plots receiving sewage sludge as compared to the nitrogen taken up 

by straw on those plots treated with urea and treble superphosphate. 

Over the combined two-year period, highly significant and 

significant differences alluding to nitrogen-straw uptake in sludge 

plots compared to no-sludge plots were real ized in Tucson and Chicago 

plots respectively (Table 13). In the Tucson plots, both rates of 

sludge application resulted in significantly greater amounts of nitro

gen being taken up in the straw as compared to nitrogen being taken up 

in straw from plots not receiving any sludge. Nitrogen uptake in 

straw in 1979 in both Tucson and Chicago plots was highly significant 

as compared to the 1980 nitrogen-straw uptake data. 

Straw to grain ratios were computed following straw and 

grain harvesting and significant and highly significant differences 

relative to the comparison between sludge and no-sludge treatments 

were noted in the respective 1979 and 1980 Chicago plots; no signifi

cant difference was noted in the Tucson plots (Tables 5 and 6, Figure 

10). In the 1979 Chicago plots, the highest sludge application re

sulted in statistically significantly greater amounts of straw pro

duction in the barley plant when paralleled to the barley plants of 

any of the other treatments. In the 1980 Chicago plots, both the 

100mt/ha sludge application and the N+P treatment produced greater 

amounts of straw relative to grain when compared to the straw to grain 

ratios of either of the plots receiving 20mt/ha sludge or the plots 

where there were not any treatments applied at all. 
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Over the combined two years, only the highest sludge treatment 

of the Chicago plots produced significantly greater amounts of straw 

compared to grain than that which occured in any of the other experi

mental treatments (Table 7). Tucson and Chicago plots were both highly 

significant in comparing straw to grain ratios from the 1979 data to 

that of 1980. Also, Chicago plots had a significant year-by-treatment 

interaction. 

Diagnostic Tissue 

The concentration of zinc was highly significantly greater 

comparing the diagnostic tissue of sludge plots to that of the no

sludge plots in the February samplings for both Tucson and Chicago 

plots (Tables 14 and 15, Figure 11). Here, barley samples taken from 

plots grown with either of the Chicago sludge applications resulted 

in zinc concentrations statistically highly significantly greater than 

tRe zinc concentrations of barley samples grown on plots not receiving 

any sludge. In contrast~ while the zinc concentrations of barley 

samples grown on plots receiving both levels of Tucson sludge were 

also highly significant as compared to zinc concentrations of barley 

grown in plots not receiving any sludge, the high sludge application 

was highly significantly greater in its zinc concentration from that 

occurring in the low sludge treatment. 

Concerning the April samplings, the plots receiving 100mt/ha 

Chicago sludge had significantly higher zinc concentrations than that 

which occurred in either of the no-sludge plots. In the April Tucson 



Table 14. Diagnostic Tissue Concentrations for 2/6/80 and the Least Significant Difference 
at the 5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSO .05 

LSD .01 

Zn 
ug/gm 

72.52±17.20 

72.89±10.47 

73.17±18.38 

120.15±18.68 

307.01±18.79 

31.027 

44.579 

1 __ 

Cu 
ug/gm 

17.96±2.46 

20.41±1.39 

16.74±1.67 

19.43±2.53 

21.88±1.27 

2.953 

4.243 

TUCSON SLUDGE 

Ni 
ug/gm 

2.34tO.74 

2.03±0.00 

2.65±0.90 

2.11±0.99 

2.60±0.00 

N.S 

N.S 

Cd 
ug/gm 

11.97±4.99 

7.21±0.82 

6.72±1.63 

9.73±4.02 

12.45±5.71 

N.S 

I 

I 
N.S 

J 

N 
% 

4.27±0.10 

4.73±0.07 

4.50±0.48 

4.80±0.21 

5.17±0.05 

0.464 

0.666 

Zn 
ug/gm 

72.47±10.76 

63.00t 0.70 

65.98±12.52 

234.79±77.92 

336.49±58.13 

78.454 

112.721 

, 

CHICAGO SLUDGE 

Cu 
ug/gm 

16.99±0.56 

18.94±0.67 

15.76±0.49 

19.43±2.57 

21.63±2.18 

3.580 

5.143 

Ni 
ug/gm 

2.52±1.04 

2.06±1.10 

2.17±0.29 

3.08±0.32 

2.49±0.71 

N.S 

N.S 

Cd 
ug/5jm 

12.07t4.50 

12.45±8.78 

12.84±5.33 

11.97±4.95 

11. 29±4. 75 

N.S 

N.S 

N 
'0 

3.97±0.57 

4.65±0.06 

4.84±0.10 

4.80±0.07 

4.70±0.22 

0.483 

0.630 

----

\J'1 
~ 



Table 15. Diagnostic Tissue Concentrations for 4/18/80 and the Least Significant Difference 
at the 5% and 1% Probability Level. 

TREAHIENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1 ) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
ug/gm 

29.80±4.16 

38.39±6.26 

26.12±2.40 

38.89±4.75 

52.67±9.95 

7.398 

10.629 

Cu 
ug/gm 

10.16±2.32 

11.16±0.00 

9·91±0.93 

10.40±1.84 

11. 62±1. 78 

N.S 

N.S 

--

TUCSON SLUDGE 

NI 
ug/gm 

1.12±0.46 

0.57±0.21 

1.04±o.56 

1.04±0.56 

1. 21±0.39 

N.S 

N.S 

Cd 
ug/gm 

1.03±0.10 

1.08±0.13 

1.12±0.64 

0.93±0.30 

1.37±0.29 

N.S 

N.S 

N 
% 

1.18±0.32 

1.65±0.04 

I. 19±0. 16 

1.42±0.26 

1.61±0.08 

N.S 

N.S 

Zn 
ug/gm 

27.34± 1.67 

41.84±11.13 

38.89± 9.97 

53.66±12.17 

--
71.18±24.10 

24.074 

34.589 

CHICAGO SLUDGE 

Cu 
ug/gm 

9.43±1.84 

10.64±0.00 

9.91±1.46 

10.40±0.93 

12.10±0.98 

N.S 

N.S 

Ni 
ug/gm 

1.51±1.28 

2.06±0.76 

1.26±0.68 

2.19±0.52 

2.33±0.54 

N.S 

N.S 

Cd 
ug/gm 

0.78±0.oo 

0.69±0.13 

0.83±0.19 

2.88±0.80 

3.46±0.40 

0.745 

1.0jl 

N .. 
'0 

1.10±O.14 

1.39±O.08 

1.33±0.36 

1.38±0.10 

1.54±0.15 

N.S 

N.S 

(J\ 
o 
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diagnostic tissue samples, the zinc concentration trends were identical 

to that of the February Tucson diagnostic samples. 

Over the combined sampling periods, barley grown on plots 

receiving the 20mt/ha and the 100mt/ha sludge treatmen~s from both 

sludge sources resulted in greater zinc concentrations in barley than 

from those grown without the use of sludge (Table 16). There was also 

a high degree of significance comparing the zinc concentrations between 

the high and the low sludge applications from either sludge source. 

Also, the April zinc content was highly significantly different from 

the February zinc content in both Tucson and Chicago plots. A highly 

significant sampling period-by-treatment interaction was also evident 

for Tucson and Chicago samples. 

The copper concentration in diagnostic tissue was 

significantly different comparing sludge applications to no-sludge 

applications only in the February samples for both Tucson and Chicago 

plots (Tables 14 and 15, Figure 12). Here, copper concentrations of 

barley grown in plots receiving either of the two sludge rates from 

either of the two sludge sources resulted in levels significantly 

greater than the copper concentrations of barley grown on plots not 

receiving any sludge. Tucson and Chicago plots were highly significant 

comparing the February copper response to that of April. 

Concerning the combined sampling periods, barley grown on 

plots receiving 20mt/ha Chicago sludge were responsible for signifi

cantly higher concentrations of nickel than the concentrations of 
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nickel in barley grown without sludge (Table 16). Tucson sludge plots 

were highly significantly different comparing the February nickel re

sponse to that of April; for Chicago plots, the response for this com

parison was significantly different. 

In the April tissue samples, cadmium concentrations in 

barley grown in plots treated with either the low or the high Chicago 

sludge appl ication were highly significantly greater than the cadmium 

concentration in barley grown on plots that did not receive any sludge 

application (Table 15, Figure 11). Again, both Tucson and Chicago 

plots were highly significant comparing the February cadmium concen

trations in barley to that of April. 

Highly significant differences concerning the nitrogen 

concentration in diagnostic tissue appeared in both Tucson and Chicago 

plots, but only for the month of February (Table 14, Figure 12). In 

the Chicago plots, there was no statistical difference between the 

nitrogen concentrations from barley grown with commercial fertilizers, 

or 20mt/ha sludge, or 100mt/ha sludge. In the Tucson plots, the 

nitrogen concentrations of barley resulting from the high sludge 

application was highly significantly greater than the nitrogen con

centrations of barley grown on plots that did not receive any sludge 

application. 

In the Chicago plots over the combined sampling periods, 

both the high and the low sludge applications paralleled the N+P 

treatment's ability as a source of nitrogen for barley. In the Tucson 



Table 16. Diagnostic Tissue Concentrations (2/6/80 and 4/18/80) and the Least Significant 
Difference at the 5% and 1% Probability Level. 

TREATHENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

TUCSON SLUDGE 

In 
ug/gm 

Cu 
ug/gm 

! 
51.16±10.68'14.06±2.39 

55.64± 8.37 15.79±0.70 

49.65±10.39 13.33±1.30 

79.52±11.7Z 14.91±2.19 

179.84±14.37 16.75±1.53 

15.1549 1.8538 

21.7743 2.6634 

NI 
ug/gm 

1. 73±0.60 

1.30±0.11 

1 .85±0. 73 

1.58±0.78 

1.91±0.20 

N.S 

N.S 

Cd 
ug/gm 

6.50±2.55 

4.15±0.48 

3.92±1.14 

5.33±2.16 

6.91±3.00 

N.S 

N.S 

N 
ug/gm 

2.73±0.21 

3.19±0.06 

2.85±0.32 

3. 12,±0. 24 

3.39±0.07 

0.3661 

0.5260 

In 
ug/gm 

49.91± 6.22 

52.42± 5.92 

52. 44±11. 25 

144.23±45.05 

203.84±41.12 

39.6621 

56.9857 

CH I CAGO .SLUDGE 

Cu 
ug/gm 

13.21±1.20 

14.79±0.34 

12.84±0.98 

14.92±1.75 

16.87±1.58 

2.3831 

3.4239 

Ni 
ug/gm 

2.02±1.16 

2.06±0.93 

1.7Z±0.49 

2.64±0.42 

2.41±0.63 

0.5247 

0.7539 

Cd 
ug/gm 

6.43±2.25 

6.57±4.46 

6.84±2.76 

7.43±2.88 

7.38±2.58 

N.S 

N.S 

N 
ug/gm 

2.54±0.36 

3.02±0.07 

3.09±0.23 

3.09±0.09 

3.12±0.19 

0.2835 

0.4073 

0' 
\J1 
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plots, only the high sludge treatment was responsible for levels of 

nitrogen highly significantly greater than nitrogen levels in barley 

grown without the appl ication of sludge (Table 16). The nitrogen 

levels acheived through the application of 20mt/ha Tucson sludge was 

statistically comparable to nitrogen levels of barley grown with urea 

and treble superphosphate. Also, bot Tucson and Chicago plots were 

highly significant in comparing the February nitrogen response to that 

of April. 



CHAPTER 4 

CONCLUSIONS 

Sludge 

The most notable aspects concerning the constituency of 

the two sewage sludges are: 1) the higher level of heavy metals in 

Chicago sludge as compared to Tucson sludge; and 2) the higher level 

of nutrients (N, P and K)' in Tucson sludge as compared to Chicago 

sludge. In fact, after differentiating the inorganic-N and organic-N 

portions of the sludges, it can be seen that although the total-N level 

of the two sludges are similar, Tucson sludge has an organic-N concen

tration more than twice that of Chicago sludge. Thus, the elevated 

levels of NH
3

, N0 2 and N0
3 

in Chicago sludge make it more susceptible 

to volatilization and/or leaching than Tucson sludge whose slow organic

N release affords greater availability for barley. 

Soil 

Application of either Tucson or Chicago sludge at either 

sludge loading rate resulted in phosphorus additions to the soil over 

and above commercial-P fertilizers; this was consistent each year and 

throughout the two year experiment. In the case of heavy metals, both 

sludge loading rates of the Chicago sludge resulted in zinc, nickel and 

cadmium accumulation in the soil in excess of commercial fertilization 

each year of application; significant soil increases in copper were 

67 
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realized only from the high sludge loading rate during the first year, 

while, the second year's analyses proved both sludge loading rates 

caused significant copper buildup in the soil. The Tucson sludge 

effectuated different responses as significant soil increases in zinc, 

copper, nickel and cadmium arose only during the first year and only 

from the high sludge appl ication; during the second year of experimen

tation both sludge applications were responsible for significant ad

dition of these metals. Over the two year period only the high sludge 

loading rate of Tucson sludge resulted in significant zinc, copper, 

nickel and cadmium accumulation in the soil, while, both sludge loading 

rates of Chicago sludge resulted in significant increases of these 

metals for the same time period. In fact, Chicago's high sludge 

application was responsible for metal concentrations often twice that 

of the low sludge application. 

Straw 

Tucson and Chicago high and low sludge loading rates 

produced significant zinc uptake each year and throughout the two years 

as compared to straw grown without sludge. This response was consistent 

for nitrogen and nickel straw uptake relative to Tucson sludge while 

nitrogen and cadmium straw uptake was effected only by the high loading 

rate of Chicago sludge. While nitrogen taken up by the straw can be 

real ized as benificial since the resulting enhanced straw growth would 

dilute metals (which might also be prone to straw uptake), the Chicago 

high sludge application was seen to cause significant straw to grain 
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ratios each year and over time as compared to the straw to grain ratios 

from any of the other treatments. This could accentuate the problem of 

lodging. Chang and Broadbent (1982) concluded that nitrogen potential

ly available to plant may be affected by trace metals in soils receiv

ing heavy sludge applications. 

Grain 

The edible portion of the barley, being the grain, is that 

part which has the greatest direct effect concerning one1s health. 

Therefore, nutritional and/or toxic concerns are augmented in deter

mining heavy metal-grain relationships. Both sludge sources were 

responsible for greater levels of zinc uptake in grain than in grain 

grown without the use of sludge. Tucson sludge applied at either 

loading rate resulted in higher levels of zinc uptake in grain than 

those levels in grain grown with either of the two loading rates using 

Chicago sludge. In the case of copper uptake, only Tucson sludge was 

responsible for copper uptake levels greater than levels of copper 

uptake in grain grown on no-sludge plots. Indeed, only Tucson sludge 

proved to be on a par with commercial fertilizers with respect to 

nitrogen uptake in grain. These elements pose no health risk as they 

offer nutritional value. In contrast, only Chicago sludge was re

sponsible for level~ of cadmium uptake in grain highly significantly 

greater than grain grown with either Tucson sludge or commercial fer

tilizers. This phenomenon tends to discourage the use of Chicago 

sludge as a barley fertilizer. On the other hand, the relative absence 



of toxic metals in grain along with significant increases in grain 

yields resulting from high applications of Tucson sludge alludes to 

its potential benificence as a fertilizer. 

Diagnostic Tissue 

The two intermittent samplings of the barley crop was 
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performed so as to provide a predictive tool relative to heavy metals 

and nitrogen taken up by the plant during different stages of growth. 

Concerning both sludge sources, either sludge loading rate resulted in 

significant zinc concentrations compared to the zinc concentrations of 

tissue grown on no-sludge plots for and throughout all sampling periods. 

Application of both sludge sources resulted in copper tissue concentra

tions greater than those grown without the use of sludge, but only for 

the first sampling period and over both sampling periods combined. 

The tissue samples grown using both Chicago sludge loading rates re

vealed significantly higher cadmium concentrations than from cadmium 

concentrations in tissue from no-sludge plots, but only during the 

second testing period, while, significantly greater nickel responses 

were realized over both testing periods but only from the low sludge 

loading rate as compared to all other treatments. While neither sludge 

application offered any significant nitrogen response during any test

ing period relative to Chicago sludge, the high loading rate using 

Tucson sludge was responsible for nitrogen concentrations in excess of 

commercial fertilizers for the first sampling period and over both 

periods combined. 
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Yearly differences in the responses under question, result 

from a statistical comparison concerning each year of experimentation. 

Year-by-treatment interaction reflects conditions (planting date, rain

fall, nutrient addition and/or depletion, etc.) that vary from year to 

year. 

In some instances (e.g. metal uptake in grain for 1979 and 

1980) the control plots of the Tucson sector are comparatively higher 

or lower in value than the control plots of the Chicago sector. In 

fact, all the metal uptake values of the control from one sector is 

systematically higher or lower in value as compared to those.values of 

the control plots from the other sector. This tends to strengthen the 

point concerning environmental effects (e.g. different irrigation water 

levels) relative to variable levels of one sludge-plot sector as com

pared to that of the other sludge-plot sector. The soil seems most 

susceptible to any variations caused by the above conditions with all 

of the metals under question responding except copper. Additionally, 

zinc is the metal most susceptible to these variables responding to 

such in soil, grain, and diagnostic tissue. 

In summation, the use of Chicago sludge as a fertilizer 

seems doubtful due to: high sludge heavy metal content (particularly 

cadmium), capable of being assimilated in the plant, and absence of 

proximate croplands. 

However, Tucson sludge offers: low sludge heavy metal content, 

not prone to plant uptake, high nutrient content leading to increased 



yields and dilution of any toxic constituents, and availability of 

agricultural lands near the waste treatment plant. 

Thus, with careful monitoring of the sludge and prudent 

diagnostic tissue sampling, Tucson sludge could be used as, or along 

with commercial fertilizers for the production of small grain, most 

notably barley. 
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Table B-1. Grain Concentrations for 1979 and the Least Significant Differences at the 5% and 
1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1) 

100 mt/ha 
(s i ng1 e) 

LSD.05 

LSD .01 

Zn 
ug/gm 

45.79±4.02 

45.91±1.2Z 

43.62±1.67 

5".29±9.80 

67.16±2.31 

6.365 

9.1"5 

Cu 
ug/gm 

B.93±0.43 

9.12±O.60 

B.46±O.39 

9.71±O.3" 

B.B7±0.31 

0.652 

0.936 

TUCSON SLUDGE 

NI 
ug/gm 

4.56±4.13 

3.91±1.99 

3.15±1.35 

5.92±5.26 

5.B3±1.39 

N.S 

N.S 

Cd 
ug/gm 

0.020±0.00 

O.020±0.00 

O.020±0.OO 

0.020±O.00 

0.020tO.00 

N.S 

N.S 

N 
% 

2.45±0.12 

2;41±0.23 

2.35±0.oB 

2.50±0.11 

2.57±0.12 

N.S 

N.S 

Zn 
ug/gm 

44.51±4.0B 

47.57±3.Bo 

44.26±2.37 

51.52t3.10 

59.15±3.93 

6.224 

B.942 

CHICAGO SLUDGE 

Cu 
ug/gm 

B.71±0.65 

B.76±0.02 

B.12tO.79 

-
9.12±0.52 

9.55±Q.69 

0.B67 

1.246 

Ni 
ug/gm 

3.50±1.29 

I.B6±o.94 

2.B4±0.66 

3.49±1.25 

4.50tl.34 

N.S 

N.S 

Cd 
ug/gm 

O.OOO±O.OO 

0.020±O.OO 

0.020±0.00 

0.190±0.15 

0.300±0.15 

N.S 

N.S 

---

N 
% 

2.32±0.26 

2.45±O.11 

2.41±0.05 

2.37±0.05 

2.56±0.13 

N.S 

N.S 

--------

....... 
\.0 



Table 8-2. Grain Concentrations for 1980 and the Least Significant Difference at the 5% 
and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annual) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

~-------

Zn 
ug/gm 

35.25±4.70 

44.47±3.71 

37.81±6.08 

48.31±5.o6 

49.33±5.21 

9.815 

14.101 

"---

Cu 
ug/gm 

11.45±3.38 

9.42±1.16 

13.32±0.91 

9.13±O.97 

9.7t±1.38 

N.S 

N.S 

TUCSON SLUDGE 

NI 
ug/gm 

5.53±1.18 

S.92±0.S4 

5.57tO.97 

5.65!1.15 

6.87±1.41 

N.S 

N.S 

Cd 
ug/gm 

.024to.00 

.021±0.00 

.017±0.00 

.023!O.00 

.025tO.00 

N.S 

N.S 

N 
% 

1.65±0.14 

1.83±0.05 

1.75±0.12 

1.85tO.23 

1.83tO.l0 

N.S 

N.S 

Zn 
ug/gm 

33.18±4.46 

47.30±4.01 

40.39±4.13 

55.38±6.5i 

58.91±5.95 

6.764 

9.719 

CHICAGO SLUDGE 

Cu 
ug/gm 

10.78t5.10 

9.61±1.49 

9.51tl.66 

10.78tl.38 

11. 76t1.47 

N.S 

N.S 

Ni 
ug/gm 

5.62±0.56 

5.65±2.25 

5.11±1.00 

6.46±1.39 

6.46±1.38 

N.S 

N.S 

Cd 
ug/gm 

0.023±0.00 

0.017±0.00 

0.023±0.00 

0.053±0.02 

0.103±0.03 

0.000 

0.000 

N 
0, 
'<' 

1.50±0.23 

1.96±0.15 

1.89±0.09 

1.89±0.09 

1.93±0.12 

0.215 

0.308 

co 
o 



Table B-3. Grain Concentrations Over Two Years (1979 and 1geO) and the Least Significant 
Difference at the 5% and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
ug/gm 

40.52t4.36 

45.19t2.47 

40.72t3.88 

51. 30t 7. 43 

58.25t3.76 

6.8767 

9.8804 

Cu 
ug/gm 

10.19tl.91 

9.27tO.88 

10.89tO.65 

9.42tO.66 

9.29tO.85 

N.S 

N.S 

TUCSON SLUDGE 

NI 
ug/gm 

5.05t2.81 

4.62tl.27 

4.36tl.16 

5.79t3.21 

6.35tl.40 

N.S 

N.S 

Cd 
ug/gm 

0.022tO.00 

0.021±0.00 

0.019tO.00 

0.022tO.00 

0.023t O.00 

N.S 

N.S 

N 
% 

2.05tO.13 

2.12tO.14 

2.05iO.l0 

2.18tO.17 

2.20tO.l1 

N.S 

N.S 

Zn 
ug/gm 

38.85t4.27 

47.44t3.91 

42.35t3.25 

53.45t4.84 

59.03t4.94 

5.2602 

7.5578 

CHICAGO SLUDGE 

Cu 
ug/gm 

9.75t2.88 

9.19tO.76 

8.82tl.23 

9.95tO.95 

10.66±1.08 

N.S 

N.S 

Ni 
ug/gm 

4.56to.93 

3.76t1.60 

3.98to.83 

4.98tl.32 

5.48tl.36 

N.S 

N.S 

Cd 
ug/gm 

0.022tO.00 

0.019tO.OO 

0.022tO.00 

0.122tO.09 

0.202tO.08 

N.S 

N.S 

N ., 
'0 

1.41tO.25 

2.21±0.13 

2.15tO.07 

2.13tO.07 

2.25tO.13 

0.1874 

0.2693 

co 



Table B-4. Straw Concentrations for 1979 and the Least Significant Difference at the 5% 
and 1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
ug/gm 

lq.65±3.05 

13.25±3.7q 

18.73±8.08 

26.69±9.19 

31.62±6.62 

N.S 

N.S 

Cu 
ug/gm 

8.89±0.9q 

10.q2±0.01 

8.95±1.72 

11.55±4.65 

8.95±0.79 

N.S 

N.S 

TUCSON SLUDGE 

Ni 
ug/gm 

5.16±D.05 

6.58±1.94 

q.52±1.3q 

6.55±1.56 

6. 56±1. 59 

N.S 

N.S 

Cd 
ug/gm 

0.995±0.19 

1.002±0.14 

1.13q±O.ql 

1.450±0.61 

1. 230±0. 43 

N.S 

N.S 

N 
% 

0.98±0.13 

1.08±0.11 

0.85±0.15 

1.02±0.06 

1.20±0.05 

0.152 

0.218 

Zn 
ug/gm 

11.11± 1.29 

10.84± 1.03 

13.4q± 3.1q 

24.03± 7.q7 

3q.81±12.27 

11.382 

16.354 

CHICAGO SLUDGE 

Cu 
ug/gm 

8. 72±0.&7 

10.ql±I.14 

8.10±1.85 

11.12±1.21 

10.28±1.07 

2.269 

3.260 

Ni 
ug/gm 

·q.8q±0.68 

6.57±1.97 

5.18±0.01 

5.87±1.36 

6.55±1.59 

N.S 

N.S 

Cd 
ug/gm 

0.800±0.26 

I.CJ94±0.26 

-
1.09::±0.22 

1.330±0.25 

1.76D±D.61 

0.395 

0.568 

N 
q. 
" 

0.82±0.12 

0.95±0.08 

0.91±0.17 

1.06±0.19 

1.11±0.08 

N.S 

N.S 

ro 
N 



· Table B-5. Straw Concentrations for 1980 and the Least Significant Difference at the 5% and 
1% Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua 1) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

Zn 
ug/gm 

11.27± 3.21 

14.80± 6.05 

11.49± 4.88 

ZO.04±11.70 

zo.47± 8.55 

N.S 

N.S 

Cu 
ug/gm 

11.85±2.08 

9.53±1.98 

10.95±4.81 

9.63±Z.79 

10.64±5.Z1 

N.S 

N.S 

TUCSON SLUDGE 

NI 
ug/gm 

4.73±1.19 

3.44±0.43 

4.96±0.67 

5.39±1.76 

5.10±0.80 

N.S 

N.S 

Cd 
ug/gm 

1.260±0.25 

0.932±0.41 

1.016±0.47 

1.179±0.Z7 

1. 151±0. 17 

N.S 

N.S 

N 
% 

0.60±0.12 

0.96±0.oz 

0.65±0.14 

0.77±0.Z8 

0.88±0.zz 

N.S 

N.S 

Zn 
ug/gm 

14.50± 5.40 

17.15± 0.Z7 

13.89± 4.37 

28.57±13.3Z 

31.99± 4.95 

11. 798 

16.951 

CHICAGO SLUDGE 

Cu 
ug/gm 

13.97±7.40 

9.]Z±0.01 

11.83±Z.]Z 

10.04±z.49 

lZ.1Z±I.53 

N.S 

N.S 

Ni 
ug/gm 

3.95±0.28 

4.0Z±0.43 

3.90±0.54 

4.73±0.69 

5.44±1.IZ 

N.S 

N.S 

Cd 
ug/gm 

1 • 200±0. 6.7 

1.z63±0.45 

1.05Z±0.4z 

1.615±0.13 

1.669±0.Zl 

N.S 

N.S 

N 
% 

0.50±0.11 

0.87±0.Z5 

0.76±0.15 

0.79±0.17 

0.87±0.z4 

0.Z53 

0.363 

ex> 
w 



Table B-6. Straw Concentrations Over Two Years (1979 and 1980) and the Least Significant 
Difference at the 5% and lZ Probability Level. 

TREATMENT 

Control 

N 

N + P 

20 mt/ha 
(annua I) 

100 mt/ha 
(single) 

LSD .05 

LSD .01 

-

Zn 
ug/gm 

12.40± 3.13 

14.03± 4.90 

14.08± 6.48 

22.78±10.45 

25.69± 7.59 

7.5577 

10.8587 

-

Cu 
ug/gm 

10.37±1.51 

9.98±1.00 

9.95±3.27 

10.59±3.72 

9.80±3.00 

N.S 

N.S 

TUCSON SLUDGE 

NI 
ug/gm 

4.95±0.62 

5.01±1.19 

4.74±1.01 

6.33±6.33 

5.83±1.20 

1. 1367 

1.6332 

Cd 
ug/gm 

1.13±0.22 

0.97±0.28 

1.08±0.44 

1.10±0.44 

1.19±0.30 

N.S 

N.S 

N 
% 

0.79±0.13 

1.02±0.07 

0.76±0.15 

0.90±0.17 

1. 04±0. 1 4 

0.1690 

0.2429 

Zn 
ug/gm 

12.81± 3.35 

14.00± 0.65 

13.67± 3.76 

26.30±10.40 

33.40± 8.61 

9.5631 

13.7401 

CHICAGO SLUDGE 

Cu 
ug/gm 

11.35±4.04 

10.07±0.58 

9.97±2.29 

10.58±1.85 

11.20±1.30 

N.S 

N.S 

-- ---

Ni 
ug/gm 

4.40±0.48 

5.30±1.20 

4.55±0.28 

5.30±1.03 

6.00±1.36 

0.9729 

1.3978 

--

Cd 
ug/gm 

0.98±0.47 

1.18±0.36 

1.07±0.30 

1.48±0.19 

1.72±0.41 

0.4293 

0.6168 

--

N 

'" '0 

0.66±0.12 

0.91±0.17 

0.84±0.16 

0.92±0.18 

0.99±0.16 

0.2132 

0.306lJ 

00 
.::-
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