
 1 

 
 
 
 

Assessment of Metal Uptake 
in Edible Plants Irrigated 
with Stormwater Runoff and 
Associated Health Risks 

 
Nicholas Pugliano 
Professor McGarity 

 
Spring 2020 

  



 2 

Abstract 

 A risk analysis to determine the health risks associated with consuming amaranth plants 

irrigated with stormwater runoff was conducted. Stormwater samples were collected from Crum 

Creek to be used for analysis and irrigation of amaranth plants. However, due to the onset of 

COVID-19, experimental work was suspended, and work was shifted to consist of a literature 

review. The main heavy metal pollutants in stormwater were found to be copper, lead, and zinc, 

with zinc being the most mobile. These metals are deposited and taken up into plants by a variety 

of mechanisms including sorption, ion exchange, and ligand exchange. The average concentrations 

of copper, lead, and zinc in soil were determined to be 46.25 mg/kg, 56.19 mg/kg, and 175.34 

mg/kg, respectively. The amount of metals taken up can be determined quantitatively using the 

transfer and translocation factors specific to each metal. The results from the worst-case risk 

analysis show that the maximum amount of amaranth consumption allowable is 81.1 kg/day, or 

614.7 servings/day, showing little risk is posed by this consumption. To further reduce risk and to 

help with other stormwater runoff issues, rain gardens can be incorporated into urban areas to 

reduce runoff and remove pollutants from stormwater.  
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Introduction 

 Stormwater runoff has been a subject of increasing concern for almost half a century, and 

much work is still needed to reduce its effects. Stormwater runoff can be defined as the portion of 

stormwater that collects and flows on impermeable surfaces, such as roads. This runoff eventually 

makes its way into waterways, either directly, by draining into them, or indirectly, through sewers. 

There are many problems associated with this process, one of them being contamination of soil 

and bodies of water, which could be hazardous for both human and aquatic life. This contamination 

occurs due to the fact that, along its drainage path, stormwater can pick up various pollutants it 

encounters during its trip to waterways. Some of the major pollutants collected along the way are 

heavy metals, petroleum hydrocarbons, pesticides, and other organic compounds.1 For heavy 

metals specifically, the main sources of these metals include automobiles (brake pads, tires) and 

buildings (roofs, gutters).2 Another problem stormwater runoff causes is simply due to its volume 

in urban areas. Since urban areas have a very limited amounts of permeable surfaces, large 

quantities of rainfall turn into stormwater runoff, leading to sewer overflow, flooding, and large 

amounts of erosion.3 

 To combat this latter issue in urban areas, work has been done to try to find uses for the 

stormwater runoff to prevent its buildup and harmful effects. One idea has been to increase the 

number of gardens found in urban areas in order to increase the number of permeable surfaces in 

the area, decreasing runoff. Furthermore, stormwater runoff from buildings can be diverted to 

irrigate these gardens, preventing it from reaching sewers and waterways, further reducing the 

amount of runoff generated in the urban areas. This method could also possibly generate indirect 

benefits by causing the amount of water needed to be imported to cities to decrease.4 The one 

problem with this, however, is that it is unknown whether or not this is a feasible process. This 
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issue lies with the fact that it could be harmful to the plants in these gardens to irrigate them with 

stormwater, an effect that would minimize many of the benefits created from this system. 

 When stormwater drains into soil, a variety of processes can occur that lead to the various 

pollutants being deposited in the soil. For heavy metals, some of the processes involved are 

precipitation, ion exchange, and sorption mechanisms.5 In stormwater, these metals largely exist 

as cations, which form stable, soluble complexes with water molecules as ligands. Depending on 

the pH and composition of the stormwater, these water molecules can be exchanged with stronger 

binding ligands, possibly causing the metal to precipitate out of solution if the newly formed 

complex is insoluble. A similar ligand exchange can occur with functional groups on the soil 

surface, causing sorption. The functional groups usually found here are negatively charged 

carboxyl and hydroxyl groups. These functional groups displace the water ligands and coordinate 

to the metal cation, causing the metal to become adsorbed to the soil surface. Ion exchange in the 

soil can then occur to bring more anionic groups to the surface, allowing for more metal sorption. 

In general, both precipitation and sorption of metals occur at increasing rates as the pH increases 

from a value of 6 and as the particle size of the soil decreases, which allows for a larger surface 

area for these processes to occur.5 

 Once the metals become deposited into the soil, it is possible that they will get taken up 

into the roots of plants. However, not all of the metal present in the soil can undergo this process, 

since precipitated metals cannot be drawn into the roots. The portion of the metals that are available 

for this uptake is called the mobile portion (or the bioavailable portion), and mainly consists of 

metals in solution or metals that can be easily desorbed from sorption sites of the soil. This fraction 

is highly dependent on a variety of factors, including metal concentration, adsorption and 

complexation processes, soil pH, and organic content of the soil.6 The most influential factor of 
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those listed is pH, causing large differences in the mobile portion at different pH levels. In general, 

at slightly acidic to alkaline pH levels, where typical soil pH lies, metals are largely present in 

metal-organic complexes. These complexes are negatively charged in most cases, leading to 

increased mobility in solution. At more acidic pH levels, this negative charge becomes more 

neutralized, causing the metal-organic complexes to become less mobile. However, at higher pH 

values metals are more permanently adsorbed to the soil surface, causing mobility to actually be 

highest with low pH conditions. The relative mobility of different metals can be determined by 

analyzing the chemical properties of the metal-organic complexes, such as the stability constant. 

Previous work has found that metals commonly found in stormwater can be separated into two 

different groups: ones with high mobility, Cd, Ni, and Zn, and ones with low mobility, Cu, Cr, and 

Pb.6  

 The portion of these metals in the mobile portion that eventually gets taken up into plants 

can be determined by calculating the transfer factor (TF) for each metal, which is simply the ratio 

of the metal content in the plant to the metal content in the soil. This value is highly dependent on 

the type of plant being studied, since different plants have different uptake mechanisms and 

structures. Some of the most studied plants in this regard are vegetables, with relative transfer 

factors as follows: leafy vegetables > root vegetables > legumes.6 These plants are commonly 

studied due to the fact that if they can uptake heavy metals, these heavy metals will likely be 

consumed by humans and other organisms, posing possible health risks. In the human body, there 

are no efficient mechanisms for the removal of these metals after their consumption, so they tend 

to accumulate over time, eventually causing health risks. Specifically, it has been found that 

consumption of these metals causes them to accumulate in the liver and kidneys, leading to 

disruptions of biochemical processes and cardiovascular, nervous, kidney, and bone dieseases.7 
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 To determine the possible health risks posed by the consumption of plants irrigated with 

stormwater, a risk analysis must be performed to determine if normal consumption levels would 

yield metal consumption levels higher than those deemed acceptable. To do so, data about the 

concentration of heavy metals in the plants of interest, the soil that they grow in, and the 

stormwater that irrigates them must be found. This can be accomplished through the use of flame 

atomic absorption spectroscopy (FAAS) and/or graphite furnace atomic absorption spectroscopy 

(GFAAS). For the analysis of the soil and plant samples, a digestion process is likely needed during 

the sample preparation. Once the risk assessment is completed, if it is determined that there is a 

risk associated with the consumption of these plants, it is important to determine methods to limit 

the amount of metals taken up by these plants. Some methods and green infrastructure currently 

being explored include rain gardens and retention/infiltration basins. 

 In this work, we attempted to perform a risk analysis of consuming amaranth plants 

irrigated with stormwater runoff collected from Crum Creek. Stormwater samples were collected, 

and portions of these samples would be used to grow amaranth plants in a greenhouse. Water and 

plant samples would then be analyzed using FAAS and GFAAS to determine the concentration of 

copper (Cu), lead (Pb), and zinc (Zn) in each sample. This data would then be used to complete a 

risk analysis for amaranth consumption. Unfortunately, the onset of the COVID-19 forced us to 

end our work before the laboratory was ready for sample analysis, so we were unable to determine 

the metal content of any samples collected. To adjust our work to be able to be completed while 

in quarantine, the goal of the work was shifted to gain a more in depth and theoretical 

understanding of the whole uptake and treatment processes. To do so, a literature review was 

conducted, and average data from previous work was used to conduct a risk analysis to determine 
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the health risk of the consumption of plants irrigated with stormwater. Retention and treatment 

methods being used were also analyzed to learn about which methods seem most effective. 

 

Theory 

Risk Analysis. To perform a risk analysis, a four-step procedure can be followed. The first 

step involves hazard identification, which usually involves one of the following: ignitability, 

corrosivity, reactivity, and/or toxicity. The second step involves a toxicity assessment of the 

identified hazard and uses previous data and dose response curves. A dose response curve is a plot 

of the number of complications due to the hazard vs. the dose administered to the subject. For 

example, a typical dose response curve for this work would be a plot of the number of liver/kidney 

issues vs. the dose of metal ingested by a human. Using this data, the level at which the hazard 

becomes toxic can be determined. Next, an exposure assessment can be completed to determine to 

what extent the subject will be exposed to the identified hazard. All exposure pathways must be 

determined, as well as exposure levels of a maximum exposed individual (MPE) and a reasonably 

maximum exposed individual (RME). 

All of the information from the first three steps can then be used to complete the final step 

of the risk analysis, the risk characterization step. In this step, the likelihood that an individual 

could develop the expected health risks is determined. To do so, one must compute the hazard 

quotient (HQ) for the hazard identified. The HQ can be calculated using the equation, 

𝐻𝑄 = !""
#$"
                                                              (1) 

where ADD represents the average daily dose of the substance, and RfD represents the reference 

dose. The ADD can be calculated using the following equation, 

--
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𝐴𝐷𝐷 =
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                                           (2) 

where Cing is the concentration of the toxin ingested, IR is the ingestion rate, ET is the exposure 

time, EF is the exposure frequency, ED is the exposure duration, BW is the body weight of the 

individual, and AT is the averaging time, which can be calculated using the equation, 

𝐴𝑇 = 𝐸𝐷 ∗ 365 1234
3526

                                                       (3)                        

for non-cancer risks like those associated with heavy metals. Once all of these factors are defined 

and calculated, the HQ can be calculated to determine if the toxin will be hazardous. Usually a HQ 

less than 0.25 is considered acceptable. 

Atomic Absorption Spectroscopy (FAAS and GFAAS). Atomic absorption 

spectroscopy is a chemical technique that is commonly used to determine the concentration of 

certain metals in samples of interest. For this technique, the sample solution usually undergoes 

nebulization, which is the conversion from liquid solution to tiny droplets, before being introduced 

to an atomizer where it is vaporized and atomized. Radiation is then applied to the analytes, which 

absorb some of the radiation at specific frequencies, allowing for electronic promotions between 

quantized energy states. These quantized absorptions yield an absorbance spectrum in which the 

peaks indicate the frequencies at which energy was absorbed. Elements typically have a unique 

absorbance spectrum due to them having different electronic properties than other elements, so by 

comparing experimental spectra with known spectra of different elements, the analytes can be 

identified. 

 The most common source of radiation for atomic absorption spectroscopy is hollow-

cathode lamps. In order to produce a spectrum, the radiation created by the lamp gets chopped and 

creates two separate beams: one that passes through the atomizer, and one that gets redirected 

around the atomizer to rejoin the other beam before entering a monochromator. The detector then 
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receives the two beams and calculates the ratio of the signals to create the absorption spectrum. A 

depiction of this process can be seen in Figure 1 below. Two commonly used atomizers are a flame 

and a graphite furnace. 

 

Figure 1. Depiction of the path of radiation used to create atomic absorption spectra.8 

 Flame atomizers are arguably the most commonly used atomizers, giving a method known 

as FAAS. With this atomizer, a nebulized sample enters a flame, and is desolvated in the region 

of the flame known as the primary combustion zone. The analytes are then vaporized in the region 

of the flame known as the inner cone. This technique can be used to identify about 70 elements, 

but only one element can be determined at a time because each requires a different cathode lamp 

to be used. The detection limits for some elements identified using FAAS can be seen in Figure 2 

below. Graphite furnace atomizers are also commonly used for this purpose. With this method, the 

sample is injected by syringe or by an autosampler, and the sample undergoes three stages: the 

drying phase, where the sample is evaporated, the ashing phase, where organic compounds are 

ashed or combusted, and the atomization phase, where the analytes are vaporized and atomized. 

This technique provides high sensitivity for low sample sizes and is usually used if other 

techniques do not provide good enough sensitivity. 

A- ~ ence bea: 7' 
Hollow-cathode I I 
lamp \ i Burner t 
~~ ~-- ~E-------r ·) 

l I I I 
Chopper Half-silvered Monochromator Detector 

m1rror 
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Figure 2. Detection limits for some elements detected using FAAS in units of ng/mL.8 

 Calibration Methods for AAS. Various calibration methods for AAS can be performed, 

two of the most common being the external standards and standard additions methods. The external 

standards method involves creating a series of standard solutions with known concentration of the 

analyte of interest and observing the instrument response to these solutions. A calibration curve, 

usually desired to be linear, can then be created using this data to then be used to analyze the 

experimental samples. The standard additions method involves analyzing the experimental sample, 

and then proceeding to add a known concentration of analyte to the sample. The resulting solution 

is then analyzed to determine the change in instrument response that was created by adding a 

known amount of analyte. More analyte is then added in increments, creating a multitude of 

measurements, each representing a different standard addition. By using the known concentration 

Element AameAA 
Ag 3 
Al 30 
Ba 20 
Ca I 
Cd I 
Cr 4 
Cu 2 
Fe 6 
K 2 
Mg 0.2 
Mn 2 
Mo 5 
Na 0.2 
Ni 3 
Pb 5 
Sn 15 
V 25 
Zn I 
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of analyte added for each, and the relationship between the responses, the concentration of analyte 

in the original sample can be determined. 

 Amaranth plants as hyperaccumulators. Various leafy vegetables have been found to 

be hyperaccumulators of heavy metals found in soil. Both red and green amaranth are commonly 

consumed leafy vegetables worldwide, so studying the accumulation of metals in these plants is 

highly relevant. According to previous work, hyperaccumulator plants have the potential to 

remove anywhere from 2–5% of the metals present in soils, showing their promise as a possible 

treatment method and the possible hazard of consuming these plants.9 

 Digestion methods for AAS sample preparation. There are various methods possible for 

the digestion of soil and plant samples to prepare samples for AAS analysis. Those described in 

depth here involve acid digestion, which accomplishes the dissolution of analytes using high 

concentrations of strong acids. 

Soil Sample Digestion. A 1 gram sample of the soil sample is oven dried and then added 

to a 10 mL 1:1 H2O:HNO3 solution by volume. This mixture is heated to 95º C for 15 minutes 

without boiling, and then cooled to room temperature (RT). 5 mL of concentrated HNO3 is added 

and the mixture is heated to 95º C for 30 minutes. Additional 5 mL aliquots of concentrated HNO3 

are added until no more brown fumes are released. The solution is allowed to evaporate to a volume 

of less than 5 mL, and then is allowed to cool to RT. 2 mL of water and 3 mL of 30% H2O2 are 

added and the solution is heated (below the boiling point) until effervescence ends. The solution 

is allowed to cool, and then additional H2O2 is added until effervescence ends again (no more than 

10 mL should be added). This is continued for two hours at a temperature below the boiling point, 

and then the solution is allowed to evaporate to a volume less than 5 mL. The solution is cooled to 
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RT, filtered using filter paper into a 100 mL volumetric flask, and then the flask is filled to the 

mark with distilled water, generating the digested sample.10 

Plant Sample Digestion. A 1 gram sample of the plant material is oven dried and then 

added to 10 mL of concentrated HNO3. The mixture is then heated to 95º C for about an hour and 

subsequently cooled to RT. 5 mL of concentrated H2SO4 is added and the mixture is heated to 140º 

C until charring appears. The solution is then cooled to RT, 5 mL of concentrated HNO3 is added 

and the solution is heated to 180º C. Additional aliquots of HNO3 are added until the digest appears 

clear or a pale straw color, after which it is cooled to RT. 1 mL of 500 g/L H2O2 is then added and 

the solution is heated to 200º C. This is repeated until brown fumes stop being released. The 

solution is cooled and 10 mL of distilled water and 0.5 mL of concentrated HNO3 are added. The 

resulting solution is heated to 200º C until white fumes were created. The solution is cooled to RT, 

and 10 mL of distilled water and 1 mL of 500 g/L H2O2 are added. The solution is heated to 240º 

C until white fumes appear, and then it is cooled. The digest is then filtered using filter paper into 

a 50 mL volumetric flask and the flask is filled to the mark with distilled water, generating the 

digested sample.10 

 

Methods 

 Stormwater sample collection and analysis. An ISCO 6712 Autosampler was 

programmed and stationed at the Swarthmore College Environmental Engineering Site in the 

Crum Woods. An ISCO Area Velocity Flow Module was connected to the autosampler and 

positioned at the bottom of the stream bed to measure stream depth and velocity (Figures 3, 4). 

The autosampler was programmed to collect samples when the stream depth reached a height of 

4.3 inches, which would indicate that a storm event had occurred. Once this threshold was reached, 



 13 

the autosampler would collect and store 500 mL samples every 15 minutes until the depth 

diminished to below the threshold or if all sample bottles were filled. The shape of the flow was 

defined as a rectangular channel, allowing for the flow module to collect flow rate data at minute 

intervals. Once samples were collected, they were taken to the Environmental Engineering 

Laboratory in Singer Hall at Swarthmore College to be analyzed using FAAS and GFAAS. 

 

 

Figure 3. Visual depiction of the ISCO 6712 Autosampler and the ISCO Area Velocity Flow 

Module 
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Fi g u r e 4.  D e pi cti o n of t h e fl o w m o d ul e a n d s a m pl e c oll e cti o n t u b e st ati o n e d at t h e b ott o m of t h e 

str e a m b e d. 

 G r o wt h of r e d a n d g r e e n a m a r a nt h. A m ar a nt h us r e d s pi k e s e e ds a n d A m ar a nt h us gr e e n 

t h u m b s e e ds w er e or d er e d fr o m w w w.s e e dt err a. c o m t o t h e n b e gr o w n i n t h e S w art h m or e C oll e g e 

Bi ol o g y D e p art m e nt Gr e e n h o us e. Si x pl a nts of e a c h s p e ci es w er e t o b e gr o w n, wit h t hr e e t o s er v e 

as e x p eri m e nt al pl a nts a n d t hr e e t o s er v e as c o ntr ol pl a nts. All pl a nts w er e b ott o m w at er e d wit h 

d ei o ni z e d  w at er  ( DI)  t o  i niti at e  gr o wt h,  a n d  t h e  w at er  w as  r e m o v e d  aft er  2 4  h o urs  t o  pr e v e nt 

o v ers at ur ati o n of t h e s oil. Aft er t h e w at er r e m o v al, 4 8 h o urs w er e all o w e d t o p ass, aft er w hi c h t h e 

pl a nts w er e b ott o m w at er e d a g ai n wit h DI w at er. T h e w at er w as r e m o v e d aft er 2 4 h o urs a n d t h e 

s a m e w at eri n g pr o c e d ur e w as t o b e f oll o w e d u ntil t h e pl a nts gr e w t o a n a p pr o pri at e si z e t o b e t o p 

w at er e d. O n c e t h e pl a nts w er e c o nsi d er e d t o b e n e arl y f ull y d e v el o p e d a n d o n c e t h e l a b or at or y w as 
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configured to allow for sample analysis, the experimental plants would be strictly watered with 

stormwater samples thereafter. 

Soil and plant sample collection and analysis. Once the experimental plants were 

beginning to be watered with stormwater samples, soil and plant samples could be collected for 

simultaneous analysis with the stormwater samples. Soil samples would be collected at random 

locations within both the experimental and control pots, and plant samples would be collected from 

the leaves of the amaranth plants. These samples would then be digested using the methods 

described earlier and analyzed using FAAS and GFAAS.  

Refocus due to the onset of COVID-19. Experimental work was suspended due to the 

onset of the COVID-19 at a point when the plants being grown were not large enough to be watered 

with the samples and when the laboratory had not been completely configured to allow for the use 

of the FAAS/GFAAS instrument. Therefore, sample collection/analysis and the growth of the 

amaranth plants in the greenhouse had to be suspended. The focus of the work was shifted to a 

more theoretical study to learn about the overall metal uptake process in more detail. A literature 

review was performed to first learn about main issues with stormwater runoff and what pollutants 

it carries. Next, literature about the process of metal deposit in soil and uptake into plants was 

studied. This was followed by a study of previous work describing the health risks associated with 

the consumption of heavy metals from leafy vegetables. Finally, literature about green 

infrastructure and treatment methods to minimize the effects of stormwater was studied. 

Risk analysis and treatment design. Using reported values of heavy metal concentration 

in stormwater, soil, and plants in the literature, a risk analysis was completed to determine the risks 

associated with the consumption of amaranth plants. The three heavy metals analyzed were Cu, 

Pb, and Zn. The findings from this analysis were then combined with insights gained from the 
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literature review to propose treatment/prevention methods that would most likely be most effective 

in removing and preventing heavy metals from making their way to plant tissue. 

 

Results and Discussion 

 Experimental setup and growth of amaranth plants. The early work done during this 

project mainly consisted of setting up the Swarthmore College Environmental Engineering Site, 

as well as furnishing the new Environmental Engineering laboratory in the newly constructed 

Singer Hall. The autosampler and flow module were configured at the site in the Crum Woods and 

the FAAS/GFAAS instrument was prepared in the laboratory. Laboratory gases were installed, but 

improper fittings were installed, preventing the ability to connect these gases to the FAAS/GFAAS 

instrument. Amaranth plants were grown using the method described earlier, yielding the 

observations seen in Table 1. Images depicting the last point of plant growth seen can be seen in 

Figure 5. 

Table 1. Amaranth growth log 

Date Action(s) Performed Observations 
2/24 All seeds planted and bottom watered Roughly 3-5 seeds per pot. 

2/25 Water removed. Soil was moist, but no signs of 
growth. 

2/28 All plants bottom watered. Plastic cover 
was removed from green amaranth plants. 

Green Amaranth: 11 sprouts seen     
                             about an inch tall. 
Red Amaranth: Only 1 sprout  
                          seen. 

3/1 Water removed. Green Amaranth: Not much change. 
Red Amaranth: One sprout seen. 

3/4 All plants bottom watered. Plastic cover 
was removed from red amaranth plants. 

Green amaranth: Growing well. 
Red Amaranth: A few new sprouts 
observed. 

3/5 Water removed and 4 new pots of red 
amaranth were planted. Not much change overall. 
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Figure 5. Depiction of green amaranth plants being grown on 2/28/2020 (left) and of red and 

green amaranth plants being grown on 3/4/2020 (right). 

 Sample collection and stream flow data. Samples were collected from Crum Creek for 

analysis using FAAS and GFAAS, but unfortunately, the instrument was not ready to perform 

analysis before the project had to be restructured. Stream flow data was collected throughout the 

sample collection period and can be seen in Figure 6 below. As seen in the hydrograph, different 

spikes in flow rate can be seen at various points, representing the various storm events that 

occurred. If the experimental work had been continued, the flow and depth data collected could 

have been used to project how much rainfall is expected on a yearly basis for the area contributing 

to Crum Creek, allowing for calculations to be performed to project the amount of pollutants that 

could be deposited yearly. 
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Figure 6. Hydrograph for flow data collected from Crum Creek during the sample collection. 

 Average heavy metal content in stormwater, soil, and plant media. To collect data to 

conduct a risk analysis of consuming leafy vegetables irrigated with stormwater, a literature review 

was performed to determine the average heavy metal content in various media throughout the 

process. In previous work conducted with the goal of learning about metal concentration in 

stormwater, one of the early goals was to determine which heavy metals make up the largest 

portion of the pollutants present. Extensive work was done by the National Urban Runoff Program 

(NURP) in 1983, yielding large amounts of data that are still used to this date. When investigating 

what pollutants were found in stormwater, they received the data seen in Table 2 below.3 As seen, 

lead, copper, and zinc were found in nearly all samples collected, showing that these three heavy 

metals likely are the major pollutants that should be investigated when investigating stormwater 

runoff pollution effects. 
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Table 2. Frequently detected pollutants in stormwater samples collected by NURP.3 

Percentage of Samples where 
Pollutants were Detected Inorganic Pollutants Organic Pollutants 

≥ 75% 
Lead (94%) 
Zinc (94%) 
Copper (91%) 

None 

50 – 74% Chromium (58%) 
Arsenic (52%) None 

20 – 49% 
Cadmium (48%) 
Nickel (43%) 
Cyanides (23%) 

Bis(2-ethylhexyl) phthalate (22%) 
α-Hexachlorocyclohexane (20%) 

10 – 19% 
Antimony (13%) 
Beryllium (12%) 
Selenium (11%) 

α-Endosulfan (19%) 
Pentachlorophenol (19%) 

Chlordane (17%) 
Fluoranthene (16%) 

γ-Hexachlorocyclohexane (15%) 
Pyrene (15%) 
Phenol (14%) 

Phenanthrene (12%) 
Dichloromethane (11%) 
4-Nitrophenol (10%) 
Chrysene (10%) 

 

 Now that the main pollutants had been determined, it was important to determine the 

concentration of these pollutants in different types of stormwater runoff. Much research on this 

topic has been done by various groups, and a collection of the data can be seen in Table 3 below.2 

As can be seen, the highest levels of heavy metals agree with the findings discussed earlier. It is 

interesting to note the high variability of concentrations found in highway runoff compared with 

that found in parking lot runoff, which could indicate that automobiles in motion give off metals 

at a much higher rate than stationary automobiles. Another very interesting finding from this 

aggregation of work is the change in metal concentration found over time. The second column of 

work represents that done by NURP in 1983, while the fourth column represents that done by Pitt 

et al. in 2002.2 As seen by examining the three major heavy metal pollutants, the concentrations 
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of these metals found decreased significantly over the 19-year time period. Specifically, the lead 

concentration decreased by about 89%. This is likely due to the ban on the use of leaded gasoline 

that occurred in 1996. Therefore, this ban, along with other work to limit the use and availability 

of these metals in stormwater, have proven themselves valuable in creating the desired effects. 

Table 3. Typical levels of metals found in stormwater runoff (μg/L).2 

Metal 
Stormwater 
Median (90th 
Percentile) 

Mean (sd) 
Median (Cov) 

Urban 
Stormwater 

Range for 
Highway 
Runoff 

Range for 
Parking Lot 
Runoff 

Arsenic N/A 5.9 (2.8) 3.3 (2.42) 0-58 N/A 
Cadmium N/A 1.1 (0.7) 1.0 (4.42) 0-40 0.5-3.3 
Chromium N/A 7.2 (2.8) 7.0 (1.47) 0-40 1.9-10 
Copper 34 (93) 33 (19) 16.0 (2.24) 22-7033 8.9-78 
Lead 144 (350) 70 (48) 15.9 (1.89) 73-1780 10-59 
Mercury N/A N/A 0.2 (1.17) 0-0.322 N/A 
Nickel N/A 10 (2.8) 9.0 (2.08) 0-53.3 2.1-18 
Silver N/A N/A 3.0 (4.63) N/A N/A 
Zinc 160 (500) 215 (141) 112.0 (4.59) 56-929 51-960 

 

 From here, it is important to learn what percentage of these metals in stormwater get 

deposited into the soil and become bioavailable to be taken up by plants. One group worked to 

gain information on this topic by investigating the concentration of metals at various depths in the 

soil next to different highways.11 By obtaining this information, qualitative trends could be 

observed on how well the metals are deposited in soil at different depths. The data obtained can 

be seen in Table 4 below. From this data, it was found that metal concentration decreases with 

depth, since the concentrations found at depths of 10–30 cm were only about 7–25% the value of 

those found at depths of 0–5 cm.11 The roots of fully grown amaranth plants are known to grow to 

lengths of 18–36”, which, when converted to centimeters, is equal to a range of 45–91 cm.12 

Therefore, based on the data provided, we can hypothesize that the metal content in soil will 

continue to sharply decline with depth, and since amaranth roots span well past the depth range 
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studied, it can be hypothesized that nearly all of the metals that enter the soil can be accessed by 

amaranth roots. As a worst-case scenario, which is likely not too far from reality, we can assume 

that all metals that enter the soil in stormwater are deposited in the soil at depths accessible to 

amaranth plants. 

Table 4. Concentration of heavy metals at five sites as a function of depth (mg/kg).11 

Site Depth (cm) Lead Zinc Copper Cadmium 

A2 
0 – 5 239 527 413 3.9 
5 – 10 202 361 78 3.5 
10 –30 34 99 31 2.7 

A 3 
0 – 5 81 174 25 2.0 
5 – 10 69 141 20 1.9 
10 –30 67 114 11 1.1 

A 31 
0 – 5 276 759 268 4.3 
5 – 10 130 303 69 2.6 
10 –30 54 112 24 2.5 

A 42 
0 – 5 290 1580 167 5.6 
5 – 10 348 1630 155 8.5 
10 –30 27 138 23 3.1 

B 224 
0 – 5 71 187 40 2.2 
5 – 10 53 120 42 2.5 
10 –30 18 69 24 – 

 

 With this hypothesis, we can now move to the next step of the uptake process, the actual 

uptake from the soil to the plants. The main properties of interest here are the average concentration 

of metals in soil, as well as the average transfer factor from the soil to amaranth plants. Previous 

work has been done at various sites around the nation to determine the average natural levels of 

heavy metals in soils nationwide, yielding the data seen in Table 5.13 As can be seen, iron is present 

at a much higher concentration than the other metals, followed by zinc, which is also at a higher 

concentration than the other metals. This is likely due to the fact that iron and zinc are much more 

naturally abundant than the other metals. Further work was done to determine the actual 

concentration of some of these metals in soil as a result of various deposition processes. The 
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average values from a number of studies can be seen in Table 6 below.1, 11 Once again, it can be 

seen that the concentration of zinc is much larger than that for the other metals. 

Table 5. Heavy metal concentrations in soil (mg/kg).13 

Metal Natural Level in Soils Around the US 
Arsenic 5.2 
Cadmium 0.2 
Chromium 37 
Copper 17 
Iron 18000 
Lead 16 
Mercury 0.06 

Molybdenum 0.6 
Nickel 13 
Selenium – 
Zinc 180 

 

Table 6. Heavy metal concentrations in soil.1, 11 

Metal Soil Concentration (mg/kg) 
Copper 46.25 
Lead 56.19 
Zinc 175.34 

 

Average transfer factors and translocation factors. Extensive work has been done 

globally to determine the transfer factor of different metals from soil to amaranth plants. Average 

values from various studies have been computed for different heavy metals, and have been 

tabulated in Table 7.14, 15 As seen in the data, the transfer factors for cadmium and zinc are much 

larger than those for copper and lead. This is likely related to the relative mobilities of the metals 

in stormwater. As mentioned earlier, the stability constants for metal-organic complexes involving 

cadmium and zinc are less than those with copper and lead, making it more likely for the former 

to exist as free ions in the stormwater. It was found that the former two metals have a higher ratio 

of dissolved to bound ions: a finding that is likely related to the earlier finding with regard to 
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stability constants. Therefore, based on these properties, it was concluded that cadmium and zinc 

are more mobile than copper and lead.6 This may also partially explain why concentrations of zinc 

in soil are larger than those for copper and lead. 

Table 7. Average transfer factors of heavy metals from soil to amaranth plants calculated from 

various literature.14, 15 

Metal Transfer Factor 
Cadmium 1.77 
Copper 0.43 
Lead 0.64 
Zinc 1.22 

 

From here, it must be studied what percentage of the metals that enter the roots of the 

amaranth plants actually make it to the leaves, the part of the plant that is consumed. One previous 

study involved growing plants in soil that contained different mixtures of agricultural and 

contaminated soil. Three different experimental soils were created, with low, intermediate, and 

high contamination levels. The low contamination soil contained one part contaminated soil and 

two parts agricultural soil, the intermediate contamination soil contained an equal ratio of both 

soils, and the high contamination soil contained two parts contaminated soil and one part 

agricultural soil. Amaranth plants were grown in these soils, and metal transport to various parts 

of the plant were studied. The translocation factor for the passage of metals from the roots to the 

leaves of the plants can be seen in Table 8.9 The translocation factor is similar to the transfer factor 

described earlier, and is simply the ratio of mass of metal found in the leaves to that found in the 

roots. From these values, it can be seen again that zinc is more mobile than copper and lead. 
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Table 8. Translocation factors for soils with different contamination levels.9 

Contamination Level Copper Leada Zinca 

Low 0.25 0.25 0.271 
Intermediate 0.173 0.173 0.379 

High 0.131 0.131 0.481 
a Values were not reported for these metals in the study but were approximated here to be similar 
to those of other metals reported with similar mobilities. 
 

Risk analysis. After all of the relevant information had been gathered, a risk analysis was 

performed to determine how much amaranth would have to be consumed to cause potential health 

risks. Reference dose values for heavy metals were found and can be seen in Table 9.16 Other 

values necessary to perform these calculations can be seen in Table 10.17, 18 To calculate the values 

for the concentration of metals in the ingested amaranth, the soil concentration, transfer factor, and 

translocation factor values reported earlier were used. The largest concentration calculated for each 

metal was used to complete the risk analysis in order to assume a worst-case scenario. In doing so, 

it could be determined if a maximally exposed individual would develop health issues from their 

consumption. If no health risks are expected for this individual, then it can be safely concluded 

that there will be no health risks for the rest of the population. 

Table 9. Reference dose values of heavy metals (mg/kg/day).16 

Metal RfD 
Copper 0.0371 
Cobalt 0.02 
Iron 0.7 
Lead 0.0035 
Zinc 0.3 

Chromium 0.003 
Cadmium 0.001 
Aluminum 0.0004 
Arsenic 0.0003 
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Table 10. Parameters used to calculate average daily dose values.17, 18 

Parameter Value 

Concentration of metal in 
ingested amaranth (Cing) 

(mg/kg) Low Intermediate High 
Copper 4.995 3.457 2.618 
Lead 9.011 6.236 4.722 
Zinc 57.932 81.019 102.824 

Exposure Frequency (EF) 365 days/year 
Exposure Duration (ED) 79 years 
Body Weight (BW) 62 kg 
Averaging Time (AT) 28,835 days 
Hazard Quotient (HQ) 0.25 

 

 The results from the calculations described above are summarized in Table 11 below.19 It 

was found that lead is the limiting metal when it comes to the amount of amaranth that can be 

consumed. This is likely due to the larger health risks associated with lead when compared to the 

other two metals, which can also be seen in the relative values of the reference doses for each 

metal. The maximum amount of amaranth that is safe to consume daily was found to be 81.1 

kg/day, which is equivalent to 614.7 servings/day. This is a massive amount of amaranth that 

would have to be consumed daily to pose health risks, so it can be concluded that direct irrigation 

of amaranth plants with stormwater will not be harmful to human health. This could help urban 

areas lessen flooding and erosion issues by diverting some of the stormwater runoff to use in urban 

gardens/green rooves if they are implemented. 

Table 11. Results of the worst-case risk analysis.19 

Metal Maximum Amount of Amaranth to be Consumed 
Total Mass (kg/day) Total Servings (servings/day) 

Copper 703.6 5330.1 
Lead 81.1 614.7 
Zinc 8,762.2 6,638.0 

Maximum Allowable 81.1 614.7 
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 Treatment Methods and Green Infrastructure. Although no health risks are expected, 

treatment methods can still be implemented to further reduce the risk, as well as to further combat 

the other issues caused by stormwater runoff. One of the most popular treatment methods involves 

the use of rain gardens. Rain gardens are slight depressions in the landscape that are filled with a 

variety of plants and also include various other media, such as mulch or sand layers in addition to 

the surface soil layer.20, 21, 22 These systems are designed to accomplish a large number of treatment 

processes, including runoff capture, promotion of infiltration, evapotranspiration, recharging of 

groundwater, pollutant removal, and reduction in peak flow of runoff and related streams.23 These 

all result from providing a permeable surface for the water, allowing for the runoff to infiltrate into 

the ground, where it can water the plants being grown or infiltrate down to the groundwater to 

allow for its recharge. The water captured can then be involved in evapotranspiration, which occurs 

when water from soil or plants evaporates directly back into the atmosphere. This further reduces 

the amount of runoff generated, eventually causing a decrease in the peak flow of the streams 

where this stormwater would be incorporated. Furthermore, as discussed in detail in this work, the 

plants, along with various adsorption processes, allow for pollutant removal from the stormwater. 

In addition to all of these treatment benefits, these rain gardens are also aesthetically pleasing, and 

would be a welcome sight in urban areas. 

 Work has previously been done to determine how well rain gardens perform quantitatively. 

In terms of pollution removal, they have shown to be very effective, with removal rates of heavy 

metals upwards of 90%. For the metals discussed in detail in this work, the removal rates found 

were 88%, 95%, and 94% for copper, lead, and zinc, respectively.24 In terms of the reduction of 

runoff, great results were also found. One study showed that a designed rain garden could reduce 

runoff volume by about 94%, retain about 80% of incident runoff, and allow for about 15% of the 
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runoff to recharge groundwater.23 Therefore, it can be seen that rain gardens have the potential to 

be very effective in stormwater management systems by creating a variety of desirable effects. 

 Other treatment methods that are commonly used involve infiltration basins or the use of 

bioretention media. Infiltration basins are very similar to rain gardens in that they are shallow 

depressions in the landscape that are designed to improve the drainage of stormwater. However, 

the main goal of infiltration basins is simply to reduce runoff, with pollutant removal as a 

secondary goal. Pollution removal is accomplished almost solely by soil capture mechanisms in 

this case, due to the fact that the vegetation grown in these basins is largely grass.25 Bioretention 

media is also widely used, and involves the design of a medium that incorporates soil with other 

media, such as sand and minerals, to optimize the removal of pollutants from stormwater. One 

study showed that these media could yield removal efficiencies upward of 99% for the metals 

discussed in this work.26 These are extremely promising results, but this treatment method only 

combats pollution, and does little to deal with the large volume of runoff in urban areas. 

 Therefore, rain gardens are likely the optimal treatment method to use, since they achieve 

the goals of both infiltration basins and bioretention media very well. An interesting possibility 

that could be explored is the use of the designed bioretention media in rain gardens, further 

enhancing the pollutant removal rates. This is dependent on how the media would affect plant 

growth, as well as the overall runoff capture mechanisms involved. If rain gardens are implemented 

in or near urban areas, an underdrain could be situated below the rain garden to collect the 

infiltrated stormwater. This collected water could then be pumped to other gardens and green 

rooves where edible plants are being grown, providing irrigation water that has been treated to 

remove pollutants. Incorporation of these systems into urban areas could cause large benefits, by 

decreasing runoff, erosion, and pollution of nearby water bodies. 
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Conclusion 

 Stormwater samples were collected from Crum Creek at the Swarthmore College 

Environmental Engineering site to be analyzed using FAAS and GFAAS to determine their heavy 

metal content. These samples would also be used to irrigate amaranth plants in the Swarthmore 

College greenhouse, and plant and soil samples would be collected and similarly analyzed using 

FAAS and GFAAS. A risk analysis would then be performed to determine health risks with 

consuming amaranth plants irrigated with stormwater. Experimental work was suspended due to 

the onset of COVID-19, leading to a literature review to learn about the metal uptake process in 

more detail. Average data from previous work was then used to perform a risk analysis, and it was 

found that little to no risk is posed by consuming amaranth plants irrigated with stormwater. To 

further reduce risk and to combat other stormwater runoff issues rain gardens could be 

implemented in urban areas to reduce runoff and remove pollutants from water that can then be 

used to irrigate gardens growing edible plants. Future work that should be conducted involves 

completing the experimental work originally planned for this project, as well as investigating if 

the incorporation of bioretention media into rain gardens would be feasible.  
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Appendices 

Appendix A. MATLAB code used for calculations and plotting of data. 

%************************************************************************** 
%   SCRIPT:        E90_Data_Analysis.m 
%   DESCRIPTION:   Conducts risk analysis using literature data and plots  
%                  the flow data collected in the Crum Creek. 
%   COURSE:        ENGR 90 - Senior Design Project 
%   AUTHOR:        Nick Pugliano 
%   DATE CREATED:  20-April-2020 
%   LAST CHANGED:  8-May-2020 
%************************************************************************** 
%% Average Transfer Factor Values 
  
% Create vectors of the transfer factor values from the literature 
CdVals = [1.161, 4.44, 2.37, 3.63, 1.96, 0.92, 2.09, 0.73, 3.04, 2.00, ... 
    0.34, 1.05, 2.75, 0.78, 0.56, 0.50]; 
  
CuVals = [0.092, 0.19, 0.35, 0.30, 0.41, 0.15, 0.06, 0.09, 1.30, 0.85, ... 
    0.12, 0.18, 1.75, 0.18, 0.75, 0.14]; 
     
PbVals = [0.064, 0.07, 0.47, 0.68, 0.87, 0.06, 0.38, 0.08, 2.26, 0.24, ... 
    0.35, 0.12, 4.28, 0.07, 0.26, 0.01]; 
  
ZnVals = [0.567, 0.77, 0.81, 2.87, 1.10, 0.91, 4.08, 0.56, 2.20, 1.78, ... 
    0.35, 0.40, 1.11, 0.31, 0.83, 0.86]; 
  
% Calculate the average transfer factor values 
CdRF = mean(CdVals); 
CuRF = mean(CuVals); 
PbRF = mean(PbVals); 
ZnRF = mean(ZnVals); 
%% Translocation Factor Values 
  
% Define the translocation values for different contamination levels 
CuLF_L = 0.25; 
CuLF_I = 0.173; 
CuLF_H = 0.131; 
  
PbLF_L = 0.25; 
PbLF_I = 0.173; 
PbLF_H = 0.131; 
  
ZnLF_L = 0.271; 
ZnLF_I = 0.379; 
ZnLF_H = 0.481; 
%% Average Soil Concentration 
  
% Create vectors of the soil concentration values from the literature 
Cu_Soil = [16.5, 13, 99.5, 102, 148, 9, 12.5, 12, 61, 18, 235, 6, 15, ... 
    4, 10.5, 3.5, 45.5, 3.5, 5.5, 3, 22.5, 4, 19, 5, 11.5, 5.5, 7.5, ... 
    6, 5.5, 4, 15, 15, 15.5, 9.5, 41, 16, 16.5, 6, 3, 3, 413, 78, 31, ... 
    121, 95, 42, 27, 25, 20, 11, 268, 69, 24, 167, 155, 23, 40, 42, 24]; 
Pb_Soil = [7, 3, 61, 64.5, 42.5, 18.5, 11, 13.5, 24.5, 32.5, 23.5, 21.5, ... 
    14, 14.5, 16.5, 3.5, 8.5, 2.5, 16, 16.5, 19, 18.5, 7, 0.5, 17.5, ... 
    13.5, 14, 13.5, 14, 12.5, 14, 13, 26.5, 11.5, 31.5, 21.5, 26, 18.5, ... 
    4.5, 5, 239, 202, 34, 213, 220, 141, 65, 81, 69, 67, 276, 130, 54, ... 
    290, 348, 27, 71, 53, 18]; 
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Zn_Soil = [41, 22, 720, 558, 444, 39, 41.5, 30.5, 276.5, 94.5, 41, 13, ... 
    17.5, 9.5, 13, 22, 18.5, 12, 14, 12.5, 36.5, 14.5, 10.5, 6.5, 15.5, ... 
    9, 17, 11, 16, 12, 20.5, 18, 57, 28.5, 40, 35, 35, 20.5, 32.5, 35.5, ... 
    527, 361, 99, 398, 336, 231, 155, 174, 141, 114, 759, 303, 112, 1580, ... 
    1630, 138, 187, 120, 69]; 
  
% Calculate the average soil concentrations 
Cu_CS = mean(Cu_Soil); 
Pb_CS = mean(Pb_Soil); 
Zn_CS = mean(Zn_Soil); 
%% Risk Analysis 
  
% Define the values of C_ing for each metal 
C_CuL = Cu_CS * (1/CuRF) * (1/CuLF_L); 
C_CuI = Cu_CS * (1/CuRF) * (1/CuLF_I); 
C_CuH = Cu_CS * (1/CuRF) * (1/CuLF_H); 
C_Cu = [C_CuL, C_CuI, C_CuH]; 
  
C_PbL = Pb_CS * (1/PbRF) * (1/PbLF_L); 
C_PbI = Pb_CS * (1/PbRF) * (1/PbLF_I); 
C_PbH = Pb_CS * (1/PbRF) * (1/PbLF_H); 
C_Pb = [C_PbL, C_PbI, C_PbH]; 
  
C_ZnL = Zn_CS * (1/ZnRF) * (1/ZnLF_L); 
C_ZnI = Zn_CS * (1/ZnRF) * (1/ZnLF_I); 
C_ZnH = Zn_CS * (1/ZnRF) * (1/ZnLF_H); 
C_Zn = [C_ZnL, C_ZnI, C_ZnH]; 
  
% Define the exposure frequency as every day and the exposure duration as  
% the average lifetime of a human 
EF = 365; 
ED = 79; 
  
% Define the body weight as the average body weight of an adult 
BW = 62; 
  
% Define the averaging time 
AT = ED * 365; 
  
% Define the reference dose values 
RfD_Cu = 0.0371; 
RfD_Pb = 0.0035; 
RfD_Zn = 0.3; 
  
% Define the threshold hazard quotient 
HQ = 0.25; 
  
% Calculate the average daily dose for each metal 
ADD_Cu = HQ * RfD_Cu; 
ADD_Pb = HQ * RfD_Pb; 
ADD_Zn = HQ * RfD_Zn; 
  
% Calculate the maximum amount that should be consumed before health risks 
Cu_max = (ADD_Cu * BW * AT) / (max(C_Cu) * EF * ED * (10^(-6))); 
Pb_max = (ADD_Pb * BW * AT) / (max(C_Pb) * EF * ED * (10^(-6))); 
Zn_max = (ADD_Zn * BW * AT) / (max(C_Zn) * EF * ED * (10^(-6))); 
  
% Define the serving size of amaranth 
serve = 0.132; 
  
% Calculate the amount of servings that the daily maxima correspond to 
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Cu_serve = Cu_max / serve; 
Pb_serve = Pb_max / serve; 
Zn_serve = Zn_max / serve; 
serve_max = [Cu_serve, Pb_serve, Zn_serve]; 
  
% Define the maximum number of servings that should be consumed daily 
max_servings = min(serve_max); 
  
fprintf('Maximum number of servings to be consumed daily: %.2f \n', ... 
    max_servings); 
%% Flow Rate Data from Crum Creek 
  
% Import the data collected (from E90 folder). 
  
figure(1) % Plot the hydrograph for all of the data collected 
plot(Time, Flow); 
xlabel('Time (hours)'); 
ylabel('Flow Rate (ft^3/s)'); 
xlim([0,590]); 
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