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ABSTRACT 

Cobalt, Lead and Zinc are all heavy metals that strongly adsorb to soil. These have the 
potential to leach into water systems, underground, drinking or otherwise. If easily 
grown, hearty plants could take the metals into themselves and then be properly disposed 
of, former heavy metal dump sites could be cleaned of contamination. The soil could 
then, once again, be used properly and water systems would be less at risk from leachate. 
A major benefit of this innovative technology is that it is substantially lower in cost than 
conventional technologies, it produces "green belts," and it maintains a soil ecosystem. 

Giant Ragweed (Ambrosia artemisiifolia) was grown with soils that had been 
contaminated with specific concentrations of Cobalt (500 mg/kg), Lead (2000 mg/kg) and 
Zinc (500 mg/kg). At 120 days, the plants were cut off at soil level; the leaves were 
separated from the stems and placed into labeled bags. These were oven dried for 24 
hours and a representative 0.5 g sample of each bag was weighed, digested and then 
analyzed for the amount of specific metal in the plant tissue by using an atomic 
absorption spectrometer. 

The same process was applied to the soil in the pots. It was air dried, digested 
and analyzed to determine how much of the contaminant remained after plant uptake. 
These two data sets were compared to establish a correlation between leaf uptake and 
metal concentration. 

We found that the leaves of the ragweed did take up significantly more lead and 
zinc than the control plants. We were unable to determine the effect of cobalt on the 
plants because we did not have a large enough sample size. 



INTRODUCTION 

Numerous sites in industrialized nations are contaminated with lead, zinc, cobalt and other toxic 
metals. Metals may be released into soils from improper waste disposal, mining (via tailings and 
fugitive emissions), and metal smelting. All these sources may result in significant detrimental 
effects to public health and local environments. Lead, cobalt and zinc have the potential to leach 
into water systems, underground, drinking or otherwise. Atmospheric dispersal of these metals 
also pose a health and environmental hazard. 

Conventional remediation methods for lead-contaminated soil include soil washing, 
solidification/stabilization, and excavation. Many of these technologies are costly and involve 
the application of sophisticated equipment and training. As an alternative, the less expensive, 
more environmentally benign use of green plants as a remediation tool ("phytoremediation") for 
metal-contaminated soils is being examined at the greenhouse scale and in the field. 

The two principal strategies in use in metal-based phytoremediation are phytostabilization and 
phytoextraction. The goal ofphytostabilization is to rapidly reduce metal mobility in soil, 
utilizing selected plants to transform metals to less toxic forms by precipitation or other 
processes. In contrast, the accumulation of metals in shoot tissue for eventual removal and 
treatment is known as phytoextraction. The process initially involves uptake of a soluble metal 
by the plant root. Transpiration may be the major driving force that directs metal accumulation 
in plant shoots (Blaylock et aI., 1997). The metal-enriched plant tissue is harvested, either 
repeatedly over the growing season or during a single event at the end of the season. The 
harvested plant material may be used for non-food purposes. It can also be processed via 
chemical or thermal techniques to recover the metal or it can be shipped to an appropriate facility 
for disposal. 

In order for phytoextraction to be both technically feasible and an economically viable 
technology, target plants must tolerate, absorb and translocate concentrations of lead and other 
environmentally important metals in concentrations of 1 % or greater (Huang et aI., 1997). Plants 
also should produce sufficient biomass to allow for efficient harvesting and disposal of metal
rich tissue. Finally, plants must be responsive to agricultural practices that allow for repeated 
planting and harvesting in contaminated soil (Blaylock et aI., 1997; Kumar et aI., 1995; Baker et 
aI., 1994). 

The treated soil could, once again, be returned to productive use and soil and water systems 
would be less at risk from metallic contamination. A major benefit of this innovative technology 
is that it is substantially lower in cost than conventional technologies, it produces "green belts," 
and it maintains the soil ecosystem. 

Several plant species were screened in a pilot study to identify tolerance to cobalt-contaminated 
soil and also the optimal accumulator of this metaL Based on literature reviews and previolls 
experimentation, giant ragweed (Amhrosia artemisiifolia) was found to be the optimal species 
for further testing of metal hyperaccumulation. This species was further tested for potential for 
Pb and Zn uptake. 



Specifically, the objectives of the reported study were to: (1) measure properties of contaminated 
soil to detemline both total metal concentration and availability of those metals to the plant or 
their mobility within the environment; (2) screen several plant species to identify tolerance to 
cobalt contaminated growth conditions, and also identify the best accumulator of this metal; and 
(3) determine the quantities of lead, cobalt and zinc taken into the leaves of giant ragweed in 
metal-treated soils as compared to control specimens. 

EXPERIMENT AL METHODS 

Sample Collection and Preparation 
Soil material (Glynwood silt loam) was collected from agricultural fields in Delaware 

County, IN and was used in greenhouse experiments (see below). A total of2 kg soil material 
was placcd into plastic pots. The cobalt treatment involved the application of 750 mg/kg of 
cobalt (three replications); two more pots were treated with 500 mg/kg of cobalt as Co(N03b 
The lead treatment involved application of 1000 mg/kg lead as Pb(N03h. Zinc treatments 
received 500 mg/kg of zinc as Zn(N03h. 

Determination of Total Metal Concentrations 
In order to deternline metal recovery, soil was sampled from each pot and thorough ly 

mixed. A total of 0.5 g soil was placed into flat-bottomed digestion beakers. Four ml of 
concentrated sulfuric acid was added to the beakers which were transferred to a Hach™ 
Digestahl digestion apparatus set at 440°C. The beakers were allowed to heat for 4 minutes 
before 5 ml hydrogen peroxide was added dropwise to the digested soil material. After all 
hydrogen peroxide had been added, the beakers were removed and allowed to air cool for 10 
minutes before being placed in a cool water bath for another 10 minutes. Deionized water was 
added to bring the solution to 100 m!. The solution was agitated multiple times and then 
analyzed for total lead, cobalt or zinc using flanle atomic absorption spectrophotometry (F AAS) 
(Perkin-Elmer, 1982). 

Chemical Fractionation of Soil Material 
A sequential extraction was performed on soil samples from each treatment to deternline 

the specific chemical forms of the metal; such data is essential to assess the potential for mobility 
and plant uptake of metals in soil. A total of2 g (dry weight) soil material was shaken with 25 
ml deionized water for 2 hours, centrifuged and decanted. The procedure was repeated twice and 
supernatants were combined. This extract constituted the so-called soluble fraction of the metal. 
The residual soil pellet was then mixed with 25 ml of 0.5 M KN03 for 16 hours, centrifuged and 
decanted. This supernatant was the exchangeable fraction. Twenty-five ml of 0.5 M NaOH were 
added to the residue and shaken for 16 h and centrifuged and decanted. This supernatant was the 
organic fraction. Twenty-five ml of 0.05 M Na2EDTA were added to the soil residue, shaken for 
6 h, centrifuged and decanted. The supernatant made the carbonate fraction. To each of these 
final supernatants, one drop of nitric acid was added to maintain the extracted metal in solution. 
Thirteen ml of 4 M HN03 were added to the residue and heated at 80°C for 16 h with an 
additional 12 ml of 4 M RN03 added after heating. The mixture was centrifuged and decanted, 
consitituting the sulfide/residual fraction. Each of these fractions were then analyzed for metal 
concentrations (lead, cobalt, zinc) using FAAS. 



GCl111ination Study 
Six plant species-Indian mustard (Brassicajuncea), maize (Zea mays L.), oats (Avena 

sativa), soybean (Glycine max), sunflower (Helianthus annuus) and wheat (Triticum aestivum)
were tested for germination success in cobalt-amended sand. Twenty-five seeds of each species 
were placed in sand-filled Petri dishes and spiked with separate solutions of Co(N03h and CoCh 
solution, adjusted to total concentrations of either 500 or 1000 mg/kg (four replicates of each). 
After 10 days the number of seeds that germinated were counted. 

Pi lot Greenhouse Study 
Five sprouts from each Petri dish were then transferred to pots containing the Glynwood 

soi I (discussed above) that had been treated with the above concentrations of cobalt as Co(N03 h. 
Plant growth was monitored after 30, 60 and 90 days and notes were taken as to the condition of 
the treated plants versus the control plants. After 30 days, the sprouts planted in the pots 
containing the 1000 mg/kg Co solution had not grown, so the soil was mixed and re-seeded for 
['urthcr observation. 

Aftcr plant growth observations had been concluded, a second study was established to observe 
cobalt uptake when the soil was amended with potential solubilizing agents 
ehtylenediaminetetraacetic acid (EDT A) or composted sewage sludge. Seven pots containing 
five seeds each were established for each of the species: 1000 mg/kg CoCh treatment plus 
EDT A, 1000 mg/kg treatment and composted sewage sludge (three replications of each), and one 
control. Observations were made at 30, 60 and 90 days, at which point the vegetation was cut at 
the soillevel, separated into stems and leaves, oven-dried at 95°C, digested and analyzed for 
concentration of cobalt. Digestion was accomplished in a Hach Digestahl™ digestion apparatus 
as discussed above for soi I material. Anal ysis of the digestate was carried out using F AAS. 

Chlorophyll Analysis 
When performing the pilot study, fresh leaf samples were taken from uncut Helianthus 

al1l1UUS to use for chlorophyll analysis. Following the methods used by Purdue University 
(2003), the leaves were cut into 1 cm2 portions and ground using mortar and pestle with sand as 
an abrasive. Nine 1 cm2 segments were used for a single analysis. After being ground for one 
minute, the leaves and sand were poured into Whatman No.1 filter paper and washed with 3 ml 
80 % acctone. The mash was then poured back into the bowl and ground for another minute; the 
process was repeated three times, for a total of9 ml 80 % acetone supematant per sample. The 
extract can also be centrifuged to clear it of any remaining particles, but this was not deemed 
necessary using the current method. Once the samples were collected, each was analyzed in a 
Perkin/Elmer Lambda 1 scanning UV -visible spectrometer with a deuterium bulb set at 663 nm, 
646 nm, and 470 nm. Chlorophyll A, chlorophyll B and total carotenoids were determined by 
entering the results from the three wavelengths into standard equations, as described by 
Lichtcnthaler and Well bum (1983). 
The standard equations are as fol1ows: 

CA = 12.21 (A66~) 2.81 (A646) 
CB = 20.13 (A646) - 5.03 (A66]) 
cx+(' = 1000 (A470)m 3.27 (C,,) - 104 (CBl 

229-



Metal Accumulation by Ragweed 
Five seedlings of giant ragweed (Ambrosia artemisiifolia) were placed into each of four 

sets of plastic pots containing 2 kg soil, one set each for lead, cobalt and zinc treatments and olle 
set for a control. Each set contained three pots with the exception of the cobalt treatment, which 
contained five pots. The first three cobalt pots were treated with 750 mg/kg of cobalt; the last 
two were treated with 500 mg/kg of cobalt as Co(N03h- Pots in the lead treatments were 
amended with 500, 750 and 1000 mg/kg oflead as Pb(N03h. The zinc pots were treated with 
1000 mg/kg of zinc as Zn(N03h. The treatments were allowed to incubate in the greenhouse 
(Ball State University) for 120 days and watered regularly to maintain a moisture content at 
approximately field capacity. 

After 120 days the ragweed plants were cut off at the soil level and separated into leaves and 
stems. The vegetative matter was then oven-dried at 95°C for 48 hours. The dried vegetative 
material was ground in a kitchen blender for one minute and then in a micronizing mill for four 
minutes. A total of 0.5 g of the finely ground sample was measured and prepared for digestion 
and analysis. 

Roots were removed from the soil and spread into trays separated by treatment. The soil was 
allowed to air-dry for several weeks before analysis. Three samples of 0.5 g of soil were 
collected from each tray and prepared for digestion and analysis. 

RESULTS AND DISCUSSION 

Total Soil Metal Concentrations 
Not a1l of the applied Pb was recovered using the Hach digestion procedure (Table I). 

Recovery of added Pb was 86.06 %, 90.51 %, and 107.8% respectively for the three rates of 
addition. Soil Pb can become tightly bound to clays and organic matter, and can also foml 
insoluble precipitates. 

As a side note, the concentration of soil Pb in the control (untreated) soil is quite high (187.9 
mg/kg overall mean). In contrast, the mean soil Pb concentrations for soils worldwide is 
approximately 20 mg/kg (Kabata-Pendias, 1992). Delaware County (and much of the 
Midwestern United States) had been fairly industrialized in the past, which may have resulted in 
some Pb deposition to soils. Liberti and Pichtel (1998) deteill1ined high soil Pb concentrations in 
much of the county, presumably a result of industrial emissions and pre-1970s automobile 
exhausts (when lead-based fuel was in use). 



Table 1. Soil lead concentrations in the greenhouse soil samples. 

Metal Applied 

Lead 1 * 
Lead 2 
Lead 3 

Control 1 
Control 2 
Control 3 

*n 3 for all data 

Total Pb Amount added 
-------- mg/kg ------

860.6 1000 
678.8 750 
539.4 500 

230.3 nla 
212.1 nla 
121.2 nla 

Recovery 
% 

86.06 
90.51 
107.8 

Not all of the applied Co was recovered from the treated soils (Table 2). Mean recovery of 
added Co was 78.13 % and 98.6 %, respectively, for the two rates of addition. Soil Co can 
become tightly bound to clays and organic matter, and can also fonn insoluble precipitates. 

Table 2. Soil cobalt concentrations in the greenhouse soil samples. 

Metal Applied 

Cobalt 1 * 
Cobalt 2 
Cobalt 3 

Control 
Control 2 
Control 3 

*11 3 for all data 

Total Co Amount applied 
---------- mg/kg --------

586.0 750 
519.3 500 
466.7 500 

45.6 n/a 
56.1 nla 
52.6 nla 

Recovery 
% 

78.13 
103.9 
93.34 

Zinc recovery from the Glynwood soil was 107.9 %. The soil Zn above that added is attributed 
to the metal occurring naturally in this soil. The control soil contained 142.4 mg/kg. 



Table 3. Soil zinc concentrations in the greenhouse soil samples. 

Metal Applied Total Zn Amount applied Recovery 
--------- mg/kg ------- % 

Zinc* 1079.3 1000 107.9 

Control 142.5 n/a 

*n = 3 for all data 

Chemical Fractionation of Soil Metals 
Over 20% of the total soil Pb was in the combined soluble + exchangeable fomls (Table 

4). These two forms are considered to be the most plant-available. The remaining fractions, i.e., 
organic, carbonate and residual, are considered to be minimally available to the plant. These 
data are somewhat similar to those of Steele and Pichtel (1998), who found that soil Pb was 
almost equally distributed between the organic (31 %), carbonate (31 %), and residual (35%) 
fractions. The organic Pb fraction of the soil is high, but corresponds to the high soil organic 
matter content. Chlopecka et al. (1996) observed, for several soils, an increased organic Pb 
fraction with increasing contamination. The low exchangeable Pb content is in agreement with 
the results of Ramos et al. (1994); Van Benschoten et al. (1994); Yarlagadda et al. (1995); 
Chlopecka et at. (1996); and Heil et al. (1996). Chen et al. (1995) reported the Pb distribution 
from an industrial soil to be 31 %, 29%, and 36% in the organic, carbonate, and residual 
fractions, respectively. However, Yarlaggada et al. (1995) found the distribution of Pb from a 
waste site soil to contain mostly carbonate (60-70%) and FelMn oxide-bound (20-25%) 
fractions. The sequential extraction results for Pb (Table 4) are not readily comparable with that 
of other studies, due to the varied sources ofPb contamination for each soil, different 
experimental procedures, and the high soil Pb concentration detennined in the current study. 

The majority of the soil cobalt was in the residual (49.1 %), organic (22.9%), and soluble (19.9%) 
forms. Very small quantities of total soil Co occurred in the exchangeable and carbonate forms. 
Cobalt is known to have a high affinity for soil organic matter; however, the high percentage of 
soluble cobalt, especially in a soil with a pH 6.4, cannot be accounted for. 

A much more even distribution of Zn was apparent in the study soil compared with Pb or Zn. A 
total of 26.5% occurred in the soluble fraction and 18.4% in the exchangeable fraction. The 
relatively high (22.6%) Zn concentration in the organic fraction was expected, as this metal has a 
high affinity for soil organic matter. A low percentage of total soil Zn occurred in the residual 
fraction. Zinc has a lesser tendency compared with Pb to precipitate as oxides, hydroxides, 
sulfides, etc. Gi ven a greater incubation period, the soil Zn may transform to other chemical 
fractions. 



Table 4. Chemical fractions of lead, cobalt and zinc in the test soils. 

Lead 

Fraction 

Soluble 
Exchangeable 
Organic 
Carbonate 
Residual 
Total 

Cobalt 

Fraction 

Soluble 
Exchangeable 
Organic 
Carbonate 
S ulfide/Residual 
Total 

Zinc 

Fraction 

Soluble 
Exchangeable 
Organic 
Carbonate 
Residual 
Total 

Gemlination study 

Mean, ug/g Percent 

331.52 19.74 
28.54 1.70 
333.2 19.84 
285.36 16.99 
701.23 41.74 
1679.85 100.0 

Mean, ug/g Percent 

70.31 19.9 
16.522 4.67 
80.89 22.9 
12.5 3.54 
173.13 49.1 
353.35 100 

Mean, Ug/g Percent 

1.368 26.51 
0.948 18.4 
1.167 22.61 
0.948 18.4 
0.73 14.14 
5.161 100 



In the 100 mg/kg Co treatment, the Indian mustard demonstrated the greatest germination 
percentage, followed by oats, maize and wheat (Table 5). The sunflower and soybean 
experienced the lowest germination rates. Sunflower germination was shown in other studies 
(Dominguez et aI., 2004) to be relatively difficult under toxic soil conditions. In contrast, Indian 
mustard and maize have been shown to be highly tolerant of metal-contaminated soil (Bricker et 
aI., 200]). 

Table 5. Seed germination in the applied cobalt solutions. 

] 00 mg/kg 1000 mg/kg 
Species Number Percent Number 
Maize l7 17 0 
Mustard 23 23 0 
Oat 19 19 0 
Soybean 8 8 0 
Sunflower 3 3 0 
Wheat 13 13 0 

Plant length and growth characteristics were affected to varying degrees by the added cobalt 
(Tables 6 and 7). Growth of the mustard, oats and wheat, at least at the 100 mg/kg application 
rate, was unchanged compared with the control. Low quantities of cobalt serve as a plant 
micronutrient. 

Table 6. Lengths of cobalt-treated plants during incubation in the greenhouse. 

Species 

Maize 
Mustard 
Oat 
Soybean 
Sunflower 
Wheat 

With Cobalt Control 

--------------- cm ------------

<16 
4-9 
39 
13-14 
3 
28 

38-44 
4 
39 
15-17 
10 
25 



Of the species grown in cobalt-treated soil, physical characteristics were used to compare the 
treatment groups and the control groups of the 100 mg/kg cobalt treatments. No statistical 
analyses were performed on these groups. None of the species planted were capable of 
germination in sand treated with 1000 mg/kg cobalt. 

Table 7. Growth characteristics observed in cobalt-treated plants during incubation in the 
greenhouse. 

Species With Cobalt Control 

Maize Smaller; yellowed Larger; greener 
Mustard Yellow around leaf edges Green throughout leaf 
Oat Similar to control; healthy Similar to treatment 
Soybean Leaves yellowed or splotchy; Larger; greener 

shoots unable to grow or 
shed seed coat 

Sunflower Very small; leaves yellowed, Taller, more robust 
some shriveled. 

Wheat Most larger than contro 1; Smaller than treatment, 

Chlorophyll Analysis 
Determinations for chlorophyll A and Band carotenoids were carried out only for H. annuus. 
Due to problems with reproducibility of the method, only limited data for chlorophyll and 
carotenoids was collected (Table 8). 

Table 8. Chlorophyll and total carotenoid content of H. annuus. 

Sample Carotenoids 

---------------- mg/kg ---------------

8.804 
8.947 

7.27 
6.806 

0.14 
0.179 



Ragweed Study 

Total metal concentrations 
The ragweed plants accumulated Pb in a range from 475-556 mg/kg (Table 7). It is presumed 
that the soluble and exchangeable fractions of soil Pb (Table 4) were preferentially removed by 
the plants. 

The species of ragweed used in this study was Ambrosia artenlisiifolia; other species (e.g., A. 
trifida) may prove more efficient in Pb uptake. Regardless, A. artemisiifolia may still be an 
effective species for Pb phytoextraction under field conditions. This species is known to produce 
substantial biomass and can survive and even thrive on toxic, infertile soils. The treatment leaves 
were found to contain significantly (p < 0.05) higher lead concentrations than control leaves. 

Table 9. Tissue Pb and uptake efficiency for ragweed. 

Treatment Pb in tissue Pb in soil 

---------------- mg/kg --------------

1000 
750 
500 
Control 

475.3 
555.5 
487.7 
86.4 

860.6 
678.8 
539.4 
187.9 

Uptake 
efficiency 

% 

55.23 
81.84 
90.42 
45.98 

In two of the cobalt-treated pots no ragweed plants were capable of survival. Any data collected 
from the remaining 1000 mg/kg or 5000 mglkg treatments would not be powerful enough to 
conclude a significant (p < 0.05) difference. 

Ragweed leaves from Zn-treated pots were found to contain significantly higher amounts of zinc 
than the control leaves (Table 10). Zinc occurs naturally in soil and is a common micronutrient. 
In the treated pots, an average 91-fold increase in Zn uptake was measured (Appendix B). This 
hyperaccumulation of the metal is promising, as it demonstrates the potential for ragweed for 
field remediation of zinc-contaminated soils. 

Table 10. Tissue Zn and soil uptake efficiency for ragweed. 

Treatment Zn in tissue Zn in soil 

----------------- mg/kg --------------

1000 
Control 

1087.1 
96.5 

1079.3 
142.5 

Uptake 
Efficiency 

% 

100.7 
67.72 



SUMMARY AND CONCLUSIONS 

Giant ragweed was found to be an excellent accumulator of both lead and zinc. It was not 
possible to determine the success of this plant as a cobalt accumulator because of failed seed 
germination. More research is needed to determine growth and accumulation success in cobalt
enriched soil, as well as in soil with increased rates oflead and zinc. Furthermore, field studies 
are needed to corroborate the potential of this species for phytoremediation of metal
contaminated soil. 
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Appendix A: Raw Data for Pb, Co and Zn Treated Soil 

Lead Sample ug metallg soil Control ug metal! g soil 
Pot I Sample I 981.8 Pot 1 Sample 1 363.6 
PI S2 475.7 PI S2 109.1 
PI S3 1127.3 PI S3 218.2 
P2 SI 818.2 P2 SI 218.2 
P2 S2 518.8 P2 S2 236.4 
P2 S3 636.4 P2 S3 181.8 
P3 SI 418.2 P3 SI 90.9 
P3 S2 654.5 P3 S2 109.1 
P3 S3 545.5 P3 S3 163.690.9 

--
Cobalt Sample ug metal! g soil Control ug metal! g soil 
Pot 1 Sample 1 578.9 Pot 1 Sample 1 42.1 
PI S2 589.5 PI S2 52.6 
PI S3 589.5 PI S3 42.1 
P2 SI 505.3 P2 SI 42.1 
P2 S2 610.5 P2 S2 73.7 
P2 S3 442.1 P2 S3 52.6 
P3 SI 442.1 P3 SI 31.6 
P3 S2 463.2 P3 S2 52.6 

~.-.~~-

P3 S3 494.7 P3 S3 73.7 ---_.-

_~~lC Sample ug metal/ g soil Control ug metal! g soi I 
Pot I 1137.8 Pot 1 166.0 
Pot2 1050.0 Pot 2 144.2 
Pot 3 1050.0 Pot 3 117.4 ---.. _--_. .._--



Appendix B: Soil Analysis 
Lead Soil 
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Probability plots show Nonnality for Lead soil pots (p > 0.1). 

Test for Equal Variances: Lead 1 versus Pot-L 

Bonferroni confidence intervals for standard deviations 

Pot L N Lower StDev Upper 
57.090 343.718 3757.38 

L2 56.568 123.772 1353.03 
L3 54.032 118.268 1292.86 

Bclrtlet I S Test (normal distribution) 
Test statistic = 2 53, p-value = 0.282 

Test (any continuous distribution) 
istic 0.71, p-value = 0.529 

Test for Equal Variances for lead 1 

1000 2000 ),000 4000 
950/0 Sonfef'ttlni Cahfiden(';c IIltervais for stDe'll,; 

Variances are equal (p > 0.1). 

Assumptions for A;\IOV A are fulfilled. 

Continue with ANOV A to determine whether "pot effect" for Pb soil treatment is 
significant. 



One-way AN OVA: Lead 1 versus Pot·L 

Source DF 88 MS F P 
Pot-L 2 
Error 6 

155653 
294899 

77827 1.58 0.280 
49150 

Tetal 8 450552 

s ~ 221.7 RSq 34.55% R-Sq(adj) = 12.73%-

Individual 95% CIs For Mean Based on 
Pooled St:Jev 

Level N Mean StDev 
L1 3 860.6 343. 
L2 3 678.8 123.8 
L3 3 539.4 118.3 

Pooled StDev 221.7 

250 

f---------+---------+--------
(-----------*------------) 

(- -----*------------) 
------*-----------) 

+ 
500 

+ 
750 

------+--------
1000 

Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Levels of Pot-L 

Individual cenfidence level 

Pot-I.. l.Jl subtracted from: 

Pot-=" I~ower Center Upper 
:"2 -737.3 -181.8 373.7 
:we> -876.7 -321.2 234.3 

Pot-L ~ L2 subtracted from: 

Pot-L Lower Center Upper 
L3 -594.9 -139.4 416.1 

97.80% 
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---------*-------------j 
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"Pot effect" for Pb treatment is not significant (p > 0.05). ANOY A found no signilicant 
differences between pots, so all three replicates from each pot can be treated as a separate 
sample. 



Control 

Probability Plot of Control 1, Control 2, Control 3 
Nanna! - 95% C1 

Probability plots of control pots show Nonnality (p > 0.1). 

Test for Equal Variances: Control 1 versus Pot-C 

~ Bonferroni confidence intervals for standard deviations 

Pot-C N Lower StDev Upper 
Cl 3 58.]541 127.681 1395.75 
C2 3 ~c2.7059 27.801 303.91 
C3 3 7.2 96 37.830 413.54 

Bartlett's Test (normal distribution) 
Test statistic = 4.20, p·value 0.122 

Levene's Test (any continuous distribution) 
Test statistic i.79, p-value 0.246 

Test-for Equal'Variances for Control 1 

u 
~ ~ ...... . 

'-----. .. ~ ~-~-'r--"--"--------"--r-
I} 200 400 ::"00 600 

95"/0 Ronferroni CQnfidence. lnt~ryals for StDevs 

Variances are equal (p > 0.1). 

Assumptions for ANOV A are fulfilled. 

Perftwm ANOV A to determine whether the "pot effect" for control soil is significant. 



One-way AN OVA: Control 1 versus Pot-C 

Source DF 88 
Pot: C 2 20502 
Error 6 37013 
Tot.al 8 57514 

s ~ 78.54 R-Sq 

J'.1S 
51 

6169 

35.65% 

F P 
1. 66 0.267 

R-Sq(adjJ 14.19% 

Individual 95% CIs For Mean Based on 
Pooled StDev 

Level N Mean StDev + -+----- + -------+ 

Cl 3 230.30 127.68 ( .. ~ * .. - - - ) 

C2 3 212.13 27.80 .. ----- * -- - -) 
C3 3 12 .20 37.83 (- . *-------

---+----- + 

100 2CO 300 

Pooled StDev 78.54 

Tukey 95 Simultaneous Confidence Intervals 
All Pai Comparisons among Levels of Pot~C 

Individual confidence level = 97.80% 

C Cl subtracted from: 

Pot~C 

C2 
C3 

Lower 
214.97 
305.90 

Center 
~18.17 

-109.10 

Upper 
178.64 

87.70 

+---------+ --+----

(- --------*-~~~~-

.. --*--~--~-----
+ 

300 150 o 

C2 subtracted from: 

+ 
400 

---+-----~~-~ 

15C 

Pot
C3 

Lower Center 
287.74 ~90.93 

Upper 
105.87 

+------ + -+-------- + 
(-~- * 

+------ -+ + - -+---------
~300 150 o 150 

"Pot effect" IDr control pots is not signi fkant (p > 0.05). ANOV A found no signi licant 
differences between pots, so all three replicates from each pot can be treated as a separale 
sample. 



Probability Plot of Lead 1, Control! 
!IIorl'T'l<)l • 95% (1 

Dol. 

Both data sets show Nonnality (p > 0.1). 

Perform 2 Sample t-test to compare lead uptake in the treatment group versus the control. 

Test (0< Equal Variances (or Lead 1, Control .,.. _~_ ... 

The two population variances are not equal (p < 0.1). A separate variance t-test should be 
used. 

Two-Sample T·Test and CI: Lead 1, Control 1 

TwO sample T for Lead vs Control 

SE 
N Mean StDev Mean 

Lead 1 693 237 79 
Control 1 9 187.9 84.8 28 

Dif = mu (L.ead 1) - mu (Control 1) 
imate for difference: 505.056 

lower bound for difference: 352.804 
Test. of di terence = 0 (vs »: T-Value 6.01 P·Value 0.000 DF 10 

Conclusion 

The amount of lead observed in the soil of the treatment pots was significantly higher 
than the amount observed in the control pots. 



Zinc soil 

OC I' •. ------.... 

400 

Do'. 
Probability plot for zinc treatment pots shows Normality (p > 0.1). 

Test for Equal Variances: Zinc 1 versus Pot-Z 

9 Bonferroni confidence intervals for standard deviations 

POt Z N Lowe StDev Upper 
Zl 3 19.0427 41.6660 455.475 
Z2 14.7305 32.2308 352.333 
23 3 .8270 76. 026 833.015 

Bart.lett's Test (normal distribution) 
statistic 1.32, p-value 0.518 

Levene's Test (any continuous distribution) 
Test statistic = 0.39, p-value = 0.696 

Testfor Equal Variances ror Zinc 1 

Variances are equal (p > 0.1). 

AssLimptions for ANOV A are fulfilled. 

Perform ANOVA to determine if"pot effect" afzinc treatment on the soil is significant. 



One-way ANOVA: Zinc 1 versus Pot-Z 

Source OF 
Pot~Z 2 
Error 6 
Total 8 

S 53.48 

SS 
319066 

7163 
336229 

R-Sq 

MS 
159533 

2861 

94.90% 

F P 
55.77 0.000 

R-sq(adj) " 93.19% 

Individual 95% CIs For Mean Based on 
Pooled StDev 

Level N Mean StDev + --+--- - - + 
Zl 3 1137.8 41.7 
Z2 .3 1050.0 32.2 (- - - * 
Z3 3 701.8 76.2 (--- * \ 

- - I 

.. - -+- - -- + -+--

750 900 1050 

Pooled StDev 53.5 

Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of Pot Z 

Individual confidence level = 97.80% 

Fot Z 21 subtracted from: 

Pot-Z Lower Center Upper 
Z2 -22 .88 -87.87 46.15 
Z3 570.05 -436.03 -302.02 

PotZ Z2 subtracted from: 

Pot-Z Lower 
Z3482.::'8 

Center Upper 
348.17 -214.15 

-

-~--+-

(---* - ) 
C_~_) 

-~-~-- + - + -
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+-~-~- --+ 
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The ditrcrcnces in Zn levels between pots show a significant pot effect (p 0.00 I). 
The three samples taken from each pot will be combined to be analyzed as one 
replication. 

Probability Plot of Zinc Avg, Con Avg 
Norm .. 1 95~/o [1 

----- ...... ----.... --~-.~--~-.----..,j 

Probability plots for the two data sets are Normal (p > 0.1). 



Assumptions for 2 sample t-test have been fulfilled. Perfonn this test to compare 7,inc 
levels in the treatment group soil versus the control. 

Test for Equal Variances: Zinc Avg, Con Avg 

Bcnferroni confidence intervals for standard deviations 

N 

Zinc Avg 3 
Can Avg 3 

Lower StDev Upper 
110.158 230.596 2056.05 

11.629 24.343 217.05 

F-Test (~ormal distribution) 
Test statistic = 89.74, 0.022 

's Test (any continuous distribution) 
Test statistic = 1.52, = 0.286 

Test for Equal Variances fot Zinc Avg, 

CD 

Om 

Variances cannot be assumed equal (p < 0.1). Perform separate variance 2 sample t-test. 

Two-Sample T-Test and CI: Zinc Avg, Con Avg 

Two-sample T for Zinc Avg vs Can Avg 

N 
Zinc Avg 3 
Con Avg 3 

Mean 
963 

142.5 

StDev SE Mean 
231 133 

24. 14 

Difference = mu (Z nc Avg) - mu (Can Avg) 
Esti~ate for difference: 820.667 
95% lower bound for difference: 429.755 
T -Test of difference 0 (vs ,,): T-Value 6.13 P-Value 

Conclusion 

0,013 DF 

The amount of zinc observed in the soil of the treatment pots was significantly higher 
than the amount observed in the control pots. 



Appendix C: Leaf Analysis 
Lead Leaf (Ragweed) 

PrObability Plot of Le.d, Leadl, ~ead3 
hormal - 95% Cl 

Do'. 

Probability plots for Ph treatments show nomlality (p > 0.1). 

Test for Equal Variances: Lead versus Pot 

5% Bonferroni confidence intervals for standard deviations 

Pot N Lower StDev Upper 
L1 j 12.9403 28.3138 309. 14 
L2 3 22.3960 49.0031 535.681 
L3 3 12.9153 28.2592 308.918 

Bartlett's Test (normal distribution) 
Test statistic = 0.71, p-value 0.701 

Levene's Test (any continuous distribution) 
Test statistic = 0.21. p- 0.816 

Test for Equal variances for Lead 

l1 '. . ........... _ .. _ .... _{ 

100 200 300 400 
95% Bonfetroni Confidence Intervals for SlOe .. 

Variances arc equal (p > 0.1). 

Assumptions for ANOVA fulfilled. 

Continue with ANOV A to determine whether "pot effect" for Ph treatment is significant. 



One-way ANOVA: Lead versus Pot 

Source OF SS MS F P 
Pot 2 1 96 5598 4.20 0.072 
Error 6 8003 1334 
Total 8 1 99 

58.32% R sq(adj) 44.42% 

Individual 95% CIs For Mean Based 
Pooled StDev 

Level 
LJ 
L2 
L3 

N Mean 
3 475.30 

5.53 
3 487.67 

StDev 
28.31 
49.00 
28.26 

-----+---------+---------+ 

(---------*---------) 

(----------* 
- - - +- + 

450 500 

(- * 

+ 
550 

Pooled StDev 36.52 

Tukey 95% Simultaneous Confidence Intervals 
All Pairwise among Levels of Pot 

Individual confidence level = 97.80% 

Pot L1 subtracted from: 

L2 
Lower Center Upper ------+---
11.28 80.23 171.75 

+ 

7 .15 12.3 103.88 

Pot L2 subtracted from: 

Pot 
L3 

Lower 
1 38 

Ce::ter Upper 
67.87 23.65 

(-~-- .. _-*----
------+---------+-

-100 o 

------+---------+------
(--------*--------) 
------+ ----+--

-100 a 

+ 

... +-~--

600 

.... + .... ------+---

* - - ) 

+ 

100 200 

+ ---+---

100 
+ 
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"Pot effect" for Pb treatment is not significant (p > 0.05). ANOYA found no signilicant 
differences between pots, so all three replicates from each pot can be treated as a separate 
sample. 



One~way AN OVA: Control 1 versus C-Pot 1 

Source DF 5S MS F P 
C-';Jot 2 915 458 0.11 0.901 
Error 6 25849 4308 
Total 8 26765 

s 5 64 R-Sq 3.42% R-Sq (adj) 0.00% 

Individual 95% CIs For Mean Based on 
Pooled StDev 

Level N Mean StDev ---+---------+-- + 
74.07 37.05 {--------------*------

C2 '3 98.77 77.12 (---- '" 
C3 3 86.43 74.87 (---------- * 

---+---------4_ + 
o 60 o 

Pooled StDev 65.64 

95 Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of C-Pot 1 

Individual confidence level = 97.80% 

C-Pot 1 

Pot 

C3 

c-

Pot 
C3 

1 

C1 subtracted from: 

Lower Center 
9.77 24.70 

152.10 12.37 

Upper 
189.17 
176.83 

C2 subtracted from: 

--------+ 

+ 
100 

Lower Center Upper + 

-176.80 -12.33 152.13 (----
+ 

100 

+ 

-------) 
- ----+------

o 

+ +---- ~ + 

* .. ~.--------) 

* 
+ ---~~-+---------+ 

o 100 200 

+ ------+---------+ .. - . - ) 

+-------_ .. + ... 

o 100 200 

"Pot effect" for control pots is not significant (p > 0.05). ANDY A found no significant 
differences between pots, so all three replicates from each pot can be treated as a separate 
sample. 



Control 

Probability Plot of Control 1, Con2, conl 
Normill· 

Dot. 

Probability plots show nonnality for control pots (p > 0.1). 

Test for Equal Variances: Control 1 versus C-Pot 1 

5 Bonferroni cO:'.fidence intervals for standard deviations 

C~Pot 1 N Lower StDev Upper 
Cl 3 16.9330 3 .0500 405.015 
C2 3 35.2452 77.1177 843.018 
C] 3 34.2160 74.8658 818.401 

Bartlett's Test (normal distribution) 
statistic = O. 1, p~value 0.633 

Levene's Test (any continuous distribution) 
Test statistic C.31, p~value = 0.742 

... 
2 C1 I· 
Q 

: -

Test for Equal Variance. for Control 1 

............ --I 

~. "T" 

180 200 300 
95'Vo. Oontermnl ConfKlttn<:e Intervals for StOrevs 

Variances are equal (p > 0.1). 

TeSot 5t~tl~bc 0.91 
P-Vallll! 

Assumptions for ANOV A are fulfilled. 

Continue with ANOV A to determine whether "pot effect" for control pots is significant. 



200 

Probability Plat of Lead, Control 1 
Normal - 9S% Cl 

Dot. 

Both data sets show Normality (p > 0.1). 

Perform 2 Sample t-test to compare lead uptake in the treatment group versus thc control. 

Test for Equal Variances for Lead, COntrol 1 c-------, 

95% Bonfcrrom Confkk:nee Intc:",.I, for StDHS 

D ... 

The two population variances are equal (p > 0.1). A pooled variance t-test should be 
used. 

Two-Sample T-Test and CI: Lead, Control 1 

Two-sample T for Lead vs Control 1 

SE 
N Mean StDev Mean 

Lead 9 506.2 49.0 16 
Control 1 9 86.4 57.8 19 

Difference = mu (Lead) - mu (Control 1) 
Estimate for difference: 419.744 

5 lower bound for difference: 375.632 
~ Test of difference 0 (vs ~): T-Value = 16.61 P-value 
Both use Pooled StDev 53.5980 

Conclusion 

0.000 DF Hi 

The amount of lead observed in the leaves ofthc treatment plants was significantly higher 
than the amount observed in the control plants. 



Zinc Leaf (Ragweed) 

Probability Plat of lim:, Z-2, Z-3 
Normal %1/(1 ct 

Dot. 

Probability plots for Zn treatment pots show Normality (p > 0.1). 

Test for Equal Variances: Zinc versus Pot 

95% Bonferroni confidecce intervals for standard deviations 

Pot N Lower StDev Upper 
Zl 3 25.3412 55.4474 606.127 
Z2 3 39.8335 87. 569 952.763 

.3 23.1791 50.7166 554.4:"2 

B3rt t 's Test (normal distribution) 
Test statistic = 0.59, p-value = 0.745 

Levene's Test (any continuous distribution) 
Test statistic 0.15, p-value = 0.861 

Test ror Equal Varianc". for Zinc 

I 

Variances are equal (p > 0.1). 

Assumptions for ANOVA arc fulfilled. 

Continue with ANOV A to determine whether "pot effect" for Zn treatment is significant. 



One-way ANOVA: Zinc versus Pot 

Source OF 88 MS F P 
Pot 2 72612 36306 8.22 0.019 
Error 6 26486 4414 
Total 8 99098 

S = 66.44 R~Sq 73.27% R~Sq(adj) 64.36% 

Individual 95% CIs For Mean Based on 
Pooled StDev 

Leve2. N :'<lean StDev + -----+---
21 3 1147.8 55.4 ( 

22 3 1153.3 87.2 
23 3 960.1 50.7 -------*--------) 

---+--~------+-----

900 1000 

Pooled StDev 66.4 

Tukey 95% Simultaneous Confidence Intervals 
All Pairwise sons among Levels of Pot 

Individual confidence level = 97.80% 

Pot 21 sub~rac~ed rom: 

Pot Lower Center Upper --------+-- -
22 -161.05 5. 171.91 ( -

( 

+ 
LOO 

----+ 

* 

* 
* 

+ 
- - ) 

- - ) 

+ --'"--
1200 

+---------+-

7.3 -354.25 -187.77 21. 29 (--------*-------) 

Pot 22 subtracted from: 

Pot Lower Center 
23 -359.68 -193.20 

Upper 
26.72 

----~---+----

-200 

----- + 

- * 
--------+-

-200 

+ 
o 

+ ... -----~+ 

200 400 

------+---------+-

+ -------+---------4-
o 200 400 

The differences in Znlevels between pots show a significant pot effect (p = 0.019). 
The three samples taken from each pot will be combined to be analyzed as one 
replication. 



Probability Plot of Zinc Avg, Con Avg 
Norma! - 95% (I 
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The control data set can be assumed Normal (p > 0.1). However, the zinc data cannot be 
assumed Nomlal (p < 0.1). 

Assumptions for 2 sample t-test are not fulfilled. Perform Mann-Whitney U-test. 

Mann-Whitney Test and CI: Zinc Avg, Con Avg 

N 
Zinc Avg 3 
Con Avg 3 

Median 
1147.8 

98.6 

Point estimate for ETA1~ETA2 is 1030.7 
91.9 Percent CI for ETA1-ETA2 is (837.5,1085.0) 
w = 15.0 
Test of ETA1 = ETA2 vs ETA1 > ETA2 is significant at 0.0404 

Conclusion 

The amollnt of zinc observed in the leaves of treatment plants was significantly higher 
than that observed in control plants. 


