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ABSTRACT 

QUANTIFYING THE VARIABILITY IN HEAVY METAL CONCENTRATIONS IN 
PRODUCE GROWN IN METALS-RICH SOIL 

 
by 
 

Harris Byers 
 

The University of Wisconsin-Milwaukee, 2019 
Under the Supervision of Professor Tim Grundl 

 

Childhood Pb exposure is associated with a multitude of poor health outcomes. In food-insecure 

areas, growing fresh produce in residential backyard gardens is one option for parents; however, 

commonly grown crops are known to accumulate Pb in consumable tissues when grown in 

metals-rich soils. A variety of produce representing a continuum of consumable tissues were 

grown in soils collected from two residential vegetable gardens, a former metal foundry, and 

commercial topsoil purchased from a local hardware store. The concentrations of heavy metals in 

crop tissues were measured with custom wavelength dispersive X-ray Fluorescence (WD-XRF) 

spectroscopy and portable energy dispersive X-ray Fluorescence (ED-XRF) spectroscopy 

quantification routines. A general linear model was used to evaluate the factors contributing to 

the accumulation of Pb in tissues as a surrogate evaluation of common best management 

practices in urban agriculture. An exposure risk evaluation was completed based on the 

concentration of Pb in consumable tissues to determine if consuming produce increased a child’s 

risk for Pb exposure. Due to the heterogeneous and anisotropic nature of urban soil, this work 

demonstrates the difficulty of predicting Pb accumulation in crops based on Pb in the soil. It is 

therefore recommended that direct monitoring of Pb in produce be used for a more accurate 

prediction of child exposure to ingested Pb. Through direct measurements, the accumulation of 

Pb in consumable tissues was the greatest in vegetables with a modified taproot (turnip, beetroot, 
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radish, carrot), with lesser concentrations in fruits (tomato, pepper), and produce grown on 

modified stems (potato). The accumulation of Pb varied between three cultivars of carrots of 

varying pigments; however, accumulation of Pb in beetroot did not vary between pigmented 

cultivars. Although several urban agriculture best management practices were confirmed in this 

study, children are at a potential increased risk for Pb exposure through consumption of produce 

grown in metals-rich residential soils.  

 

 

 

 

 

 

 

 

 

 

 

  



iv 
 

© Copyright by Harris Byers, 2019 
All Rights Reserved  



v 
 

To 

my parents,  

my wife,  

and especially my boys



 

vi 
 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................... ii 

LIST OF FIGURES ................................................................................................................... viii 

LIST OF TABLES ........................................................................................................................ x 

ACKNOWLEDGEMENTS ...................................................................................................... xiii 

 
CHAPTER 

1.0 Introduction ......................................................................................................................... 1 
1.1 Background and Project Objectives ................................................................................ 1 
1.2 Expected Significance of this Work ............................................................................... 5 
1.3 Relationship of this Work to Present State of Knowledge in the Field .......................... 7 
1.4 Experimental Methods .................................................................................................. 16 
1.5 References ..................................................................................................................... 18 

2.0 Forty-Nine Major and Trace Element Concentrations Measured in NIST Soil SRM 2586, 
SRM 2587, SRM 2709a, SRM 2710a, and SRM 2711a Using ICP-MS and WD-XRF. ............. 28 

2.1 Introduction ................................................................................................................... 28 
2.2 Experimental ................................................................................................................. 29 
2.3 Results and Discussion ................................................................................................. 35 
2.4 Conclusions ................................................................................................................... 37 
2.5 References ..................................................................................................................... 37 

3.0 XRF Techniques to Quantify Heavy Metals in Vegetables at Low Detection Limits ...... 56 
3.1 Introduction ................................................................................................................... 56 
3.2 Experimental ................................................................................................................. 59 
3.3 Results and Discussion ................................................................................................. 73 
3.4 Conclusions ................................................................................................................... 79 
3.5 References ..................................................................................................................... 80 

4.0 Accumulation of Pb in 9 Common Crops Grown in Metals-Rich Residential Garden Soils 
and Soil from a Former Metal Foundry ........................................................................................ 98 

4.1 Introduction ................................................................................................................... 98 
4.2 Methods....................................................................................................................... 101 
4.3 Results ......................................................................................................................... 108 
4.4 Discussion ................................................................................................................... 111 
4.5 References ................................................................................................................... 122 

5.0 Discussion ....................................................................................................................... 151 
5.1 Evaluation of Project Objectives ................................................................................ 151 
5.2 Future Work ................................................................................................................ 153 

  



vii 
 

Appendices .................................................................................................................................. 156 
Appendix A: Development of a GLM to Predict Pb in Produce ................................ 157 
Appendix B: Accumulation of Pb in Carrots .............................................................. 165 
Appendix C: Pb Accumulation in Commercial Prepared Foods ................................ 168 
Appendix D: Additional Pb Accumulation Data ........................................................ 172 
Appendix E: XRF Spectra and XRD Defraction Patterns .......................................... 174 

 
Curriculum Vitae ........................................................................................................................ 177 
 

  



viii 
 

LIST OF FIGURES 

Figure 2.1. Relative Difference between NIST and WSLH Measurements. ................................ 41 

Figure 2.2. Relative Difference between NIST and Fused Bead WD-XRF Measurements. ........ 42 

Figure 2.3. Relative Difference between WSLH and Literature Values. ..................................... 43 

Figure 3.1. Calculated XRF measurement depth curve for a pressed pellet consisting of Cellulose 
+ Sugar (C6H10O5C6H12O6). .......................................................................................................... 85 

Figure 3.2.a. ED-XRF spectrum with the Cu/Ti/Al primary filter of the 10 μg g-1 pressed pellet 
reference material with element wavelengths and Compton/Raleigh peaks identified. ............... 86 

Figure 3.2.b. the ED-XRF spectra of at the Pb Lβ1 wavelength for pellet reference materials with 
nominal Pb concentrations of 0 (heavy line), 5, 10, 20, 50, and 100 μg g-1 (successively higher 
peaks). ........................................................................................................................................... 87 

Figure 3.3. Paired confirmation Pb measurements of dried vegetable samples using (a) WD-XRF 
and ICP-MS, (b) ED-XRF (with the Cu/Ti/Al primary filter) and ICP-MS, and (c) ED-XRF (with 
the Ti/Fe/Mo primary filter) and WD-XRF. ................................................................................. 88 

Figure 3.1S. Possible secondary or tertiary enhancement due to absorption of characteristic X-
rays in mixtures of (I) Zn, Ni, Fe, Cr; (II) Cu, Co, Mn; and (III) Br, As. ..................................... 92 

Figure 3.2S. Relative percent difference between ED-XRF measurements (with a Cu/Ti/Al 
primary filter) of Pb and known values for four reference materials. .......................................... 94 

Figure 4.1. Distribution of bioavailable Pb (μg g-1) and cation exchange capacity (meq 100g-1) in 
three urban soils (Residence 1, Residence 2, and Former Foundry) and in a Commercial Topsoil.
..................................................................................................................................................... 130 

Figure 4.2. Mean Pb concentrations (μg g-1) in produce grown in three metals-rich soils. ........ 131 

Figure 4.3. Mass of each prepared garden produce grown in soil from Residence 1 that could be 
consumed (g d-1) so as not to exceed the USFDA IRL. .............................................................. 132 

Figure 4.4. Estimated total Pb ingested by a child (μg d-1) based on ten modeled exposure 
scenarios. ..................................................................................................................................... 133 

Figure 4.5. Contributions of each vector to the daily ingestion of Pb by a child based on ten 
exposure scenarios. ..................................................................................................................... 134 

Figure 4.1S. Bioavailable Cd, Cr, Mg, and Zn (μg g-1) in three urban soils (Residence 1, 
Residence 2, Former Foundry) and in a Commercial Topsoil. ................................................... 138 

Figure 4.2S. XRD diffraction patterns of soils used in this study (A) Residence 1, (B) Residence 
2, (C) Former Foundry, and (D) Commercial Topsoil. ............................................................... 139 



ix 
 

Figure 4.3S. Pb in food (μg kg-1) from the USFDA TDS (2003-2016). The concentrations of Pb 
illustrated by the boxplots represent the concentration of Pb in food as consumed and are not 
universally corrected by USFDA to dry weight. ........................................................................ 141 

Figure 4.4S. Pb in Produce (μg kg-1) grown in soil from Residence 1. ...................................... 142 

Figure 4.5S. Pb in drinking water (μg L-1) collected in 2014 and 2017 in the City of Milwaukee, 
Wisconsin, USA. ......................................................................................................................... 143 

Figure B.1a. Physiology of carrot taproot. .................................................................................. 166 

Figure B.1b. Mean concentration of Pb (μg g-1 dw) in carrot taproot tissues. ............................ 166 

Figure B.2. Matched-pair statistical analysis of Pb in two tissue groups ................................... 166 

  



x 
 

LIST OF TABLES 

Table 2.1. Element concentrations in NIST SRM 2586 determined using three measurement 
methods. ........................................................................................................................................ 44 

Table 2.2. Element concentrations in NIST SRM 2587 determined using three measurement 
methods. ........................................................................................................................................ 45 

Table 2.3. Element concentrations in NIST SRM 2709a determined using three measurement 
methods. ........................................................................................................................................ 46 

Table 2.4. Element concentrations in NIST SRM 2710a determined using three measurement 
methods. ........................................................................................................................................ 47 

Table 2.5. Element concentrations in NIST SRM 2711a determined using three measurement 
methods. ........................................................................................................................................ 48 

Table 2.6. Element concentrations in NIST SRM 2586 determined using three measurement 
methods. ........................................................................................................................................ 49 

Table 2.7. Element concentrations in NIST SRM 2587 determined using three measurement 
methods. ........................................................................................................................................ 50 

Table 2.8. Element concentrations in NIST SRM 2709a determined using three measurement 
methods. ........................................................................................................................................ 51 

Table 2.9. Element concentrations in NIST SRM 2710a determined using three measurement 
methods. ........................................................................................................................................ 52 

Table 2.10. Element concentrations in NIST SRM 2711a determined using three measurement 
methods. ........................................................................................................................................ 53 

Table 2.1S. Instrument setup and calibration routine details for WD-XRF fused bead analysis. 54 

Table 2.2S. Instrument setup and calibration routine details for WD-XRF pressed pellet analysis.
....................................................................................................................................................... 55 

Table 3.1. Goodness of fit parameters for WD-XRF calibrations of pressed pellets for Cr, Ni, Pb, 
and Y. ............................................................................................................................................ 89 

Table 3.2. Goodness of fit parameters for ED-XRF calibrations of pressed pellets with the 
Cu/Ti/Al primary filter. ................................................................................................................. 90 

Table 3.3. Goodness of fit parameters for ED-XRF calibrations with the Cu/Ti/Al primary filter 
for plant-based reference materials consisting of 85 percent (%) and 65% water. ....................... 91 

Table 3.1S. WD-XRF measurement routine specifications. ......................................................... 95 



xi 
 

Table 3.2S. Goodness of fit parameters for ED-XRF calibrations with the Ti/Fe/Mo primary 
filter of pressed pellets. ................................................................................................................. 96 

Table 3.3S. Goodness of fit parameters for ED-XRF calibrations with the Cu/Ti/Al primary filter 
for plant-based reference materials consisting of 85 percent (%) with 300 s count time. ............ 97 

Table 4.1. Demographics of the target Census Tract compared to the City of Milwaukee, 
Milwaukee County, the State of Wisconsin, and the United States ............................................ 135 

Table 4.2. Concentration of Pb (μg g-1) in prepared consumable garden produce grown in three 
urban soils and in Commercial Topsoil. ..................................................................................... 136 

Table 4.3. Exposure scenarios used to evaluate the total daily Pb ingested by a child from three 
exposure vectors.......................................................................................................................... 137 

Table 4.1S. The pH and concentrations of bioavailable elements (μg g-1) in three urban soils and 
in a Commercial Topsoil. ............................................................................................................ 144 

Table 4.2S. Concentration of Pb (μg g-1) in leaves and skins of three carrot cultivars. ............. 145 

Table 4.3S. Concentration of chromium (μg g-1) in prepared consumable garden produce grown 
in three urban soils and in Commercial Topsoil. ........................................................................ 146 

Table 4.4S. Concentration of nickel (μg g-1) in prepared consumable garden produce grown in 
three urban soils and in Commercial Topsoil ............................................................................. 147 

Table 4.5S. Definitions and model parameters for calculating the daily Pb ingestion rate of a 
child from consuming food, water, and soil+dust. ..................................................................... 148 

Table 4.6S. Foods included in the “Raw Produce” classification from the USFDA TDS used to 
model Pb exposure in children. ................................................................................................... 150 

Table A.1. SAS model to determine if Mediation was possible between Cd and Pb ................. 158 

Table A.2. SAS model to determine if Mediation was possible between Zn and Pb ................. 158 

Table A.3. Evaluation of Multicollinearity ................................................................................. 159 

Table A.4. Bivariate regression model between bioavailable Pb in soil and Pb in consumable 
produce ........................................................................................................................................ 160 

Table A.5. Revised regression model to predict Pb in consumable produce .............................. 161 

Table A.6. Initial GLM to predict Pb in produce ........................................................................ 162 

Table A.7. Revised GLM ............................................................................................................ 163 

Table A.8. Slope estimates from final GLM ............................................................................... 164 



xii 
 

Table C.1. Samples that could not be analyzed with WD-XRF due to complications with pellet 
competency. ................................................................................................................................ 170 

Table D.1. Pb concentration in vegetables grown in greenhouse pilot study. ............................ 173 

Table D.2. Net intensity of secondary X-rays in additional produce samples. ........................... 173 

 

  



xiii 
 

ACKNOWLEDGEMENTS 

 
I must thank my advisor, Dr. Tim Grundl, for his patience and guidance in this project. 

He has challenged me to think more critically about scientific data and the value in rigorous 

evaluation of spectroscopy data. My committee (Drs. Lindsay McHenry, Shangping Xu, and Erik 

Gulbranson) has been critical in helping me design and implement this project. A special thanks 

to Dr. Lindsay McHenry for allowing me to use the X-ray lab during this project and for her 

willingness to allow me to use her instrumentation to analyze a matrix far afield from geologic 

sciences. 

I am grateful to the community-based organizations who have helped me during this 

project by identifying residential vegetable gardens and coordinating soil and vegetable 

collections in their neighborhoods. This project would not have been possible without their 

assistance in recruiting residential property owners willing to donate their soil to this project.  

I would like to thank Mr. Paul Engevold, the manager of the University of Wisconsin 

Milwaukee Department of Biological Science Greenhouse, for his assistance in growing 

vegetables in this study. I would like to thank Dr. Razia Azen and Dr. Rebecca Klaper for 

providing significant comments and suggestions throughout this Dissertation and to Dr. Erica 

Young for her guidance on plant physiology in Chapter 4 of this Dissertation. Although they are 

anonymous, I would like to thank the peer reviewers of Chapter 2 and Chapter 3 in their 

respective journals for their assistance in strengthening the manuscripts.  

This work was supported in part by the Children’s Health Environmental Core Center at 

the University of Wisconsin Milwaukee, which is funded through the National Institute of 

Environmental Health Sciences [grant number P30ES004184]. I specifically would like to 



xiv 
 

acknowledge the assistance from Dr. Jeanne Hewitt and Dr. David Petering for their 

coordination, support, and encouragement during this work.  

I would like to thank my previous employer (Symbiont Science, Engineering and 

Construction, Inc.) and my current employer (Stantec Consulting Services Inc.) for their tuition 

assistance programs.  

As a self-funded graduate student, I must thank my immediate family for their financial 

support and unending patience during this project. Completing this study would not have been 

possible without the support and nurturing of my wife, Dr. Rebecca Klaper. I am so blessed to 

have such a loving partner in life. You have supported, comforted, and encouraged me through 

this journey and have shared my hopes, thoughts, and dreams and I am grateful for our future 

together. I am grateful for the joyous energy of our boys Jacob and Benjamin, who were the 

inspiration of this project. Special thanks to my parents James and Nancy Byers for their 

encouragement during this journey and their lifelong dedication to supporting education. I can 

never repay your sacrifices working for decades in a cold warehouse to make sure I didn’t have 

to.  

This work is dedicated to all parents who strive every day to make difficult decisions in 

raising healthy children. I hope this work contributes to the ongoing efforts of researchers, 

regulators, health professionals, community-based organizations, parents, and others in reducing 

Pb exposure in our children.  



 

1 

1.0 INTRODUCTION 

1.1 BACKGROUND AND PROJECT OBJECTIVES 

Exposure to toxic heavy metals (e.g. Pb, As, Hg) or excess exposure to heavy metals 

needed in only trace amounts (e.g. Cu, Fe, Zn, Cr, and Mn) by the human body can result in 

metals poisoning. Because of their relatively low body mass, childhood heavy metal exposures 

are of particular concern. Although much remains unknown about long-term health outcomes 

from child exposure to many heavy metals, cognitive impairments associated with elevated 

blood lead levels (blood Pb concentration >10 μg dL-1) in children are well documented, and 

emerging evidence suggests that long-term impacts from chronic low-level Pb exposure (blood 

Pb concentration ≤ 1μg dL-1) are possible, leading to a multitude of poor health outcomes (Keller 

et al., 2017; Lane et al., 2008; Schnur & John, 2014). As child exposure to Pb remains a topic of 

great concern in environmental justice communities, further evaluation of potential Pb exposure 

through consumption of produce grown in urban soils is warranted.  

Two identified sources of child ingestion of Pb are direct contact with lead-based paint 

and direct contact with metals-rich soil. Accepted intervention strategies inside the home to 

mitigate Pb exposure include removal or encapsulation of weathered Pb paint in combination 

with good housekeeping/cleaning procedures. Managing the risk of exposure to metals-rich soil 

is a near-impossible challenge because of the omnipresence Pb in urban soils from a multitude of 

possible sources [e.g. weathered paint (Clark et al., 2006 and 2008; Hall & Tinklenberg, 2003; 

Laidlaw et al., 2018); transportation/ lead-gasoline (Clark et al., 2006); compost (Murray et al., 

2011a), leaching from infrastructure (Tom et al., 2014), anthropogenic industrial fill/spills 

(Afolayan, 2018; Clark et al., 2008), herbicides (Yokel & Delistraty, 2003), and mobilization/air 
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re-deposition of Pb-impacted soil/colloids from any of the abovementioned sources (Clark et al., 

2008)].  

As the popularity of urban agriculture grows in food-insecure areas, the potential 

exposure of children to metals-rich soil increases. Although child Pb exposure from direct 

contact with Pb-rich soil is considered to be the primary lead exposure pathway in urban 

agriculture, secondary exposure from chronic consumption of produce containing Pb could be a 

significant contributing factor (Chopra & Pathak, 2015; Ferri et al., 2015; Jolly et al., 2013), 

especially in high-risk populations, such as low-income, immigrant communities where exposure 

to Pb remains disproportionately high. However, there is very limited understanding on which 

crops common in urban agriculture have a propensity to uptake, transport, and accumulate Pb 

into consumable tissues.  

The lack of understanding of plant uptake/accumulation of heavy metals is due to limited 

quantification methods, which are inconsistent between existing urban agriculture studies and 

often use complicated extraction and measurement procedures. As noted by many in the 

literature (e.g. Gallardo et al., 2016), X-Ray Fluorescence spectroscopy (XRF) is a promising 

technique in quantification of Pb and other heavy metals in produce tissues. Although prior 

reviews of this technology have identified several limiting factors (Marguí et al., 2009; Palmer et 

al., 2009; Singh et al., 2017), recent technological advancements in wavelength dispersive X-ray 

Fluorescence (WD-XRF) spectroscopy and portable energy dispersive X-ray Fluorescence (ED-

XRF) spectroscopy suggest these quantification methods can be used to quantify Pb in foods 

down to single-digit μg g-1 range. The use of XRF in urban agriculture remains limited because 

of the absence of commercially available reference materials, lack of standardization of sample 
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processing/handling/quantification methods, and misunderstanding of how matrix effects 

influence XRF measurements in a carbon matrix.  

The overall objective of this project is to determine the variability in Pb concentrations in 

produce either grown in urban soils or purchased from a commercial source. Specifically, this 

project seeks to identify common crops with the propensity to uptake and transport Pb to 

consumable tissues and determine if gross plant physiology plays a role in Pb accumulation. 

Secondly, this project seeks to identify which commercially available produce and prepared 

foods could pose the greatest risk to Pb exposure. The overall project has four objectives 

centered around two hypotheses.  

Hypothesis 1. XRF methods can be developed to quantify heavy metals in soils and 

plants at limits of detection relevant to health-based regulatory limits.  

Hypotheses 2. Heavy metal concentrations in produce will be the greatest in plants 

grown in soils with the greatest bio-available metal concentrations. Heavy metal 

concentrations will be greatest in modified taproots, decreasing in aboveground tissue 

groups. In addition, heavy metal concentrations will be greater in tissues rich in 

anthocyanin and carotenoids.  

Objective 1: Develop procedures for handling and preparing soil for quantification 

of heavy metals with WD-XRF. Complete an inter-lab comparison of element 

concentrations using WD-XRF and ICP-MS to further characterize five commercial soil 

reference materials (SRMs) and develop custom measurement and calibration routines for 

quantification of heavy metals in prepared soil samples with WD-XRF using the target 

SRMs. By adapting well established methods for preparation of rock samples (McHenry, 2009; 

McHenry et al., 2011), this project will develop methods for preparing competent soil samples 
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appropriate for WD-XRF quantification; use WD-XRF and ICP-MS to more fully characterize 

the target SRMs; and use the SRMs to develop custom calibration routines spanning the range of 

anticipated concentrations of heavy metals in soil. 

Objective 2: Standardize and develop procedures for produce tissue collection, 

handling, and preparation of homogeneous dried and non-dried samples for quantification 

of heavy metals with WD-XRF and ED-XRF. Develop reference materials suitable for use 

in developing custom calibration routines for quantification of heavy metals in prepared 

dried and non-dried plant samples with WD-XRF and ED-XRF. This project will include 

pressing dried/powdered plant samples into competent pellets, which will be resilient to 

handling, infinitely thick with respect to the Cr Kα1 wavelength, and able to be analyzed by 

WD-XRF under vacuum without breakage. Homogenized non-dried samples can be analyzed 

with ED-XRF without leakage and will be infinitely thick with respect to the Pb Lβ1 

wavelength. Calibration routines will be developed for WD-XRF and ED-XRF to quantify heavy 

metals in plant tissues in the single-digit μg g-1 range.  

Objective 3: Quantify heavy metal concentrations in produce grown in metals-rich 

soil obtained from private properties in and near the City of Milwaukee. Soil sources will 

include two vegetable gardens located at residential properties and an industrial property 

undergoing cleanup. The control soil will be commercial topsoil obtained from a local big-box 

commercial retailer. Crops to be grown in this study include cultivars of turnip (Brassica rapa), 

rutabaga (Brassica napobrassica), radish (Raphanus sativus L.), mustard (Brassica juncea), 

collards (Brassica olerace), tomato (Solanum lycopersicum), pepper (Capsicum annuum), okra 

(Abelmoschus esculentus), beetroot (Beta vulgaris), carrot (Daucus carota sativus), and potato 
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(Solanum tuberosum). A risk evaluation will be completed to determine if consumption of 

produce increases the risk for metals exposure in children.  

Objective 4: Quantify heavy metal concentrations in produce purchased from local 

commercial outlets. This project will use XRF procedures developed in Objective 2 to quantify 

the concentrations of heavy metals in domestically-grown crops matching those in Objective 3 

purchased from common grocery stores and in internationally-sourced foodstuffs purchased from 

grocery stores located near the neighborhoods where soil was collected during Objective 2. The 

concentrations of heavy metals in domestically-grown produce is expected to be less than the 

XRF method detection limit, and conversely, the concentrations of heavy metals in 

internationally-sourced foodstuffs is expected to be greater than the method detection limit.  

1.2 EXPECTED SIGNIFICANCE OF THIS WORK 

Prior urban agriculture studies have identified the potential risk from consumption of 

produce grown in metals rich soil. Although useful, this prior work has not included an in-depth 

evaluation of quantification methods and has not included an evaluation of crops grown in urban 

residential garden soils. This project bridges these gaps by leveraging a broad range of academic 

expertise, including urban geochemistry, XRF, and agronomy.  

This project will determine if consumption of produce either grown in metals-rich soil or 

purchased from a commercial outlet contributes to the metals-burden of children. This project 

will ascertain if the risk posed by urban agriculture extends beyond direct contact with metals-

rich soil. The results will be of particular importance to ongoing work by multiple 

federal/state/local agencies and community groups working to reduce the incidence of Pb 

poisoning in children and will be of particular importance to low-income minority communities 

already at high risk for Pb exposure where urban agriculture is prevalent. Because there is little 
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understanding about which crop types commonly grown in urban gardens have the greatest 

propensity to accumulate Pb and other heavy metals in consumable tissues, this work will add to 

the decision-making process for selecting crops most suitable for urban cultivation as a best 

practice to limit Pb exposure from produce consumption. Additionally, the influence of gross 

plant physiology (i.e. tissue groups, stress responses) on Pb transport is not well understood; 

therefore, this work seeks to identify differences in basic physiological constraints on Pb 

transport. 

A second and equally novel goal of this project is to develop standardized methods for 

sample preparation and heavy metals quantification in crops with WD-XRF and ED-XRF. Prior 

urban agriculture studies have failed to achieve this goal because XRF quantification is too often 

treated as a “black box” and studies are blindly conducted without a rigorous understanding of 

X-ray physics or without deliberately controlling for matrix effects. This study will develop 

methods that can be directly used in food security studies for quantifying heavy metals in foods. 

Food security threats are often identified in retrospective studies limited to select food groups, 

select manufacturers/country of origin, and/or elements. However, with multiple new threats to 

food security identified each year, use of WD-XRF and portable ED-XRF spectrometry is a 

promising technique that could be used by regulators, researchers, and/or growers/manufacturers 

to identify security risks and prevent introduction of metals-rich produce into the commercial US 

food supply.  
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1.3 RELATIONSHIP OF THIS WORK TO PRESENT STATE OF KNOWLEDGE IN 

THE FIELD 

1.3.1 Objective 1: Develop Routines for Quantification of Heavy Metals in Soil with XRF 

Numerous geoscience/urban geochemistry investigations have used commercially 

available soil reference materials (SRM) available from the National Institute of Standards and 

Technology (NIST) as calibration reference materials or as quality control materials (Fernández 

et al., 2014; Kenna et al., 2011; McComb et al., 2014; Murray et al., 2011a; Sutton et al., 2012; 

Weindorf et al., 2012). NIST defines and provides Certified, Reference, and Information Values 

for element concentrations presented in SRM Certificates of Analysis. NIST certified values 

represent concentrations measured with the smallest measurement uncertainty and where sources 

of bias have been accounted for by NIST (May et al., 2000). Concentrations provided by NIST 

with larger measurement uncertainty are defined by NIST as reference values. Reported 

concentrations where uncertainty has not been evaluated are referred to by NIST as information 

values (May et al., 2000). Reference values or information values reported directly or as part of 

quality control for soil SRMs 2709, 2710, and 2711 have been provided previously by numerous 

investigators using XRF, ICP-MS, or ICP-OES. However, these three soil SRMs are no longer 

commercially available from NIST and have been replaced with SRM 2709a, SRM 2710a, and 

SRM 2711a, and along with SRM 2586 and SRM 2587, these five SRMs represent a continuum 

of heavy metal concentrations and are therefore considered representative of soils likely to be 

encountered in urban agriculture/urban geochemistry studies. However, characterization of these 

five soil SRMs remains sparse as very few reference values are available in the literature for the 

five available soil SRMs (Alvarez-Toral et al., 2013; Claverie et al., 2013; Eriksson et al., 2013; 

Fernández et al., 2014; Goix et al., 2011; Hoang et al., 2010; Milliard et al., 2011; Moon et al., 
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2009; Paul et al., 2009). As the accuracy of XRF calibration routines is dependent on using fully 

characterized reference materials, the usefulness of these five SRMs in developing calibration 

routines for soil remains very limited until the SRMs are more fully characterized.  

1.3.2 Objective 2: Develop Routines for Quantification of Heavy Metals in Produce with 

XRF 

Because of the non-destructive nature of the analysis, XRF is emerging as a promising 

method for rapid quantification of heavy metals in produce. Recent work demonstrates that Pb 

and other heavy metals are taken up and translocated from the soil into consumable crop tissues 

(Clark et al., 2006; Ferri et al., 2015; Finster et al., 2004; Jolly et al., 2013; Lima et al., 2009; 

Nabulo et al., 2011; Rodriguez-Iruretagoiena et al., 2015; Sekara et al., 2005). Although human 

exposure and the resulting health impacts from direct contact with Pb-contaminated soil is 

considered to be the primary lead exposure pathway in urban agriculture, secondary exposure 

from chronic consumption of produce containing Pb could be a significant contributing factor 

(Chopra & Pathak, 2015; Ferri et al., 2015; Jolly et al., 2013), especially in high-risk populations, 

such as low-income, immigrant communities where exposure to Pb remains disproportionately 

high. Child exposure to Pb leads to a multitude of poor health outcomes (Keller et al., 2017; 

Lane et al., 2008; Schnur & John, 2014); therefore, further evaluation of Pb (and other heavy 

metals) exposure is paramount.  

Established methods for measuring elements in plant tissues includes a combination of 

traditional wet chemistry methods such as atomic absorption spectrometry (AAS) (Bozym et al., 

2015; Chopra & Pathak, 2015; Lima et al., 2009; Sekara et al., 2005; Song et al., 2012; Yadav et 

al., 2015), inductively coupled plasma-atomic emission spectrometry (ICP-AES) or inductively 

coupled plasma-mass spectrometry (ICP-MS) (Bešter et al., 2013; Finster et al., 2004; Murray et 
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al., 2011; Nabulo et al., 2011; Rodriguez-Iruretagoiena et al., 2015; Wiseman et al., 2013), 

wavelength dispersive XRF (WD-XRF) (Andersen et al., 2013; Figueiredo et al., 2016), bench-

mounted energy-dispersive XRF (ED-XRF) (Anjos, et al., 2002; Gallardo et al., 2016; Jolly et 

al., 2013), and portable ED-XRF (Ferri et al., 2015; Gutiérrez-Ginés, et al., 2013; Sacristan et al., 

2016; Towett et al., 2016). Recent work quantified heavy metals in with algae with portable ED-

XRF using a fundamental parameter factory calibration algorithm for plastics (Bull et al., 2017; 

Turner et al., 2017).  

Sample preparation for AAS or ICP-MS to quantify heavy metals in plants involves 

ashing plant material in a furnace or with concentrated hydrogen peroxide followed by digestion 

with acid (HNO3, HClO4, H2SO4) and/or microwave extraction using one or more concentrated 

acids. These sample preparation techniques are inherently dangerous and generate a significant 

hazardous waste stream. Comparatively, XRF sample preparation techniques preserve the sample 

matrix and minimize waste generation. As noted by many in the literature (e.g. Gallardo et al., 

2016), XRF is a promising technique in quantification of Pb and other heavy metals in crop 

tissues. However, prior reviews of this technology have identified several limiting factors 

(Marguí et al., 2009; Palmer et al., 2009; Singh et al., 2017).  

The greatest obstacles identified in prior studies using XRF to measure heavy metals are 

achieving a limit of detection within the range of regulatory thresholds and generating consistent 

results that can be confirmed with another quantification technology. Because of limited 

commercial availability of reference materials, prior studies involving XRF have not controlled 

for matrix effects by: neglecting to match the reference material matrix to sample matrix; by 

using a multitude of sample preparation techniques; or by utilizing XRF standard factory 
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calibrations optimized for non-carbon matrices. Further complicating prior XRF work is the 

quantitation of heavy metals based on the intensities of wavelengths with known peak overlaps. 

Although Pb was identified as a constituent of concern in the 1970s, the USFDA only 

recently established an ingestion interim reference level (IRL) for Pb of 3 μg d-1 for children and 

12.5 μg d-1 in adults. Surprisingly, USFDA has not established a food concentration standard for 

Pb; therefore, this project will rely on World Health Organization (WHO) food standards (WHO, 

2018). The WHO has Pb standards for a variety of foods, and the calibration limits of detection 

developed in Objective 2 for Pb will be equal to the WHO Maximum Level for Pb in leafy 

vegetables of 0.3 μg g-1 (on a dry weight basis).  

1.3.3 Objective 3: Quantify Heavy Metal Concentrations in Crops Grown in Metals-Rich 

Urban Soils 

Many heavy metals are found in plant tissues, some of which serve a metabolic function 

as summarized below (McBride, 1994; Taiz et al., 2014).  

 Metabolically important nutrients obtained from the soil (lists incudes some non-heavy 

metals for comparison) 

o Macronutrients – N, K, Ca, Mg, P, S, Si 

o Micronutrients – Fe, Mo, Mn, B, Na  

o Toxic elements, but trace nutrient – Zn, Ni, Cu, V, Co, W, Cr, Cd 

 Serve no metabolic function, but can be found in plants 

o As, Hg, Sb, Ag, Sc, P, U 

Surprisingly, Pb was excluded from the list above. Although much remains unknown 

with respect to Pb, it serves no known metabolic function in plants, but instead triggers pathways 

in plants consistent with toxicity and stress responses.  
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Source of Pb in Soil. Managing the risk of exposure to metals-rich soil is a near-

impossible challenge due to the omnipresence of Pb in urban soils from a multitude of possible 

sources [e.g. weathered paint (Clark et al., 2006, 2008; Hall & Tinklenberg, 2003; Laidlaw et al., 

2018); transportation/ lead-gasoline (Clark et al., 2006); compost (Murray et al., 2011a), leaching 

from infrastructure (Tom et al., 2014), anthropogenic industrial fill/spills (Afolayan, 2018; Clark 

et al., 2008), herbicides (Yokel & Delistraty, 2003), and mobilization/air re-deposition of Pb-

impacted soil/colloids from any of the abovementioned sources (Clark et al., 2008)].  

Solublization of Pb into Soil Solution. The multitude of possible Pb sources, each with 

its own solubility, suggests that the generation of the Pb cation in soil originates from a multitude 

of sources with each source weathering at a different rate and under differing conditions. The one 

commonality between the solubility reactions is the generation of the Pb+2 cation through acid 

dissolution or reductive dissolution of a Pb containing ligand (binder). Weathering can be redox 

driven (e.g. PbO2 + Mn+2 → Pb+2 + MnO4
-) or acid dissolution of the parent material (e.g. 

cerrusite + 2H+ → Pb+2 + CO2 + H2O) (Fetter, 2008; McBride, 1994). Although the process of 

weathering Pb paint in soil is not widely discussed in the literature, evidence from the art 

restoration literature (Monico et al., 2011) suggests weathering of Pb paint occurs through 

reduction of the binder (e.g. reduction of Cr in PbCrO4 → Cr2O3 + Pb+2), which may be mediated 

by electron shuttling between organic or inorganic ligands in a process similar to the process in 

soil (Brose & James, 2010; Scott et al., 1998).  

Uptake of Pb into Roots and Root Transport. Once released to soil solution, Pb enters 

the root hair through the apoplast pathway (Bovenkamp et al., 2013; Sancho et al., 2005) or by 

entry into the root hair via the symplast pathway using a transport protein to pass through the 

phospholipid bilayer (Edelstein & Ben-Hur, 2018; Tester & Leigh, 2001). Pb+2 enters the 
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symplast pathway through the ATPase which is known to transport Zn+2 and Cd+2 (Bhargava, et 

al., 2012; Meyers et al., 2008; Patra et al., 2004). 

The primary mechanism of heavy metal transport through the root is by root pressure and 

bulk flow of water driven by transpiration from aboveground biomass (Bhargava et al., 2012). 

Plants are able to restrict the movement of Pb once Pb enters the symplast pathway (e.g. 

sequestration in vacuole, precipitation), therefore, Pb predominantly moves through the root 

cortex via the apoplast pathway. Heavy metals traveling in the apoplast pathway can travel as far 

as the Casparian strip, but must pass through a membrane transport protein into the cytoplasm to 

continue transport to the stele and loading into the xylem for transport to aboveground tissues.  

Casparian Strip. The Casparian strip is described in the literature as a “poorly ion‐

permeable secondary thickening in the cell” (Tester & Leigh, 2001) that serves as “a partial 

barrier” (Peralta-Videa et al., 2009; Sharma et al., 2015) for “Pb movement into the central 

cylinder tissue” (Peralta-Videa et al., 2009). Therefore, “Transport of metal ions through the 

Casparian strip occurs via an energy-requiring active transport system” (Edelstein & Ben-Hur, 

2018). Although the description of the Casparian strip in the literature could use some 

refinement, SEM images have shown that the Casparian strip plays a significant role in 

restricting transport of heavy metals (ex Pb, Sb) into the stele (Meyers et al., 2008; Pierart et al., 

2018).  

Loading to the Xylem and Transport to Aboveground Biomass. Because Pb likely 

enters the cell using a transport protein designed for a divalent cation (e.g. Zn+2), it is plausible 

Pb also uses a transporter designed for a divalent cation to be loaded into the xylem. Once in the 

xylem, heavy metals are available for movement via xylem sap and distribution to the 

aboveground biomass. The literature suggests that once in the xylem, heavy metals are often 
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bound to a ligand for transport to aboveground tissues, but remain present in a pH-dependent 

equilibrium between ion and ligand-bound forms (Clemens et al., 2002, Peralta-Videa et al., 

2009). Once the Pb is transported through the xylem into aboveground tissues, the mobility of Pb 

to be transported/redistributed through the phloem is very limited (Sharma & Dubey, 2005).  

Modes of Plant Toxicity. Pb toxicity in plants is expressed in the form of oxidative 

stress by formation of H2O2. Reactive oxygen species generated because of Pb exposure can alter 

membranes by oxidizing thiol groups of enzymes and peroxidation of the fatty acid portion of 

the phospholipid bilayer. Additionally, Pb will alter the structure and functions of enzymes by 

direct interaction with sulphydryl groups or substitution for essential elements (often divalent 

cations). Exposure to Pb is known to alter membranes of meristematic cells and the structure of 

chloroplasts (decreasing production of chlorophyll a and b). To mitigate this stress, plants 

increase the production of peroxidase triggered by nitric oxide, which is produced after metal 

exposure. Nitric oxide further upregulates superoxide dismutase and glutathione reductase. 

Plants are known to increase carotenoid and anthocyanin pigments to scavenge reactive oxygen 

species in leaf tissues. It follows therefore that vegetables rich in pigments would have greater 

capacity to mitigate heavy metal toxicity stress and therefore could have a greater 

propensity/capacity for Pb uptake and transport.  

Influence of Chelating Complexes. Researchers in the early 1960s determined that 

ethylenediaminetetraacetic acid (EDTA) increases the solubility of heavy metals in soil (Shahid 

et al., 2012). Shahid et al. (2012) provides a useful table summarizing previous studies 

documenting variable responses in Pb concentrations in crop tissues with application of EDTA. 

By adding EDTA to Pb-rich nutrient solution at a concentration of 0.25 μM, the 

concentration of Pb in shoot tissue of Brassica juncea (mustard) was 75-fold greater compared to 
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shoot tissue of plants grown in Pb-rich nutrient solution without EDTA (Vassil et al., 1998). In a 

Pb uptake study conducted using corn, researchers found that adding 2 g EDTA per kg of Pb 

impacted soil increased the concentration of Pb in corn shoot tissues from 40 μg g-1 to 10,600 μg 

g-1 (Huang & Cunningham, 1996). Interestingly, use of chelating complexes (EDTA) in a 

phytoextraction study involving beans (Phaseolus vulgaris) has shown that the EDTA-Pb 

complex is capable of transport through the symplast pathway from the cortex to the pericycle, at 

which point, the EDTA-Pb complex is loaded into the xylem and the metal-complex transported 

to the aboveground biomass. The results of this study suggest the EDTA-metal complex is 

biologically stable and capable of bypassing the major plant defense mechanisms associated with 

Pb removal. Fe-EDTA is an ingredient in some fertilizers and it is possible that gardeners are 

inadvertently increasing the plant bioavailability/mobility of Pb and other heavy metals through 

the use of common garden fertilizers.  

Evaluation of bioavailability assays. The urban agriculture literature has not reached a 

consensus on the relationship between total Pb in soil and the concentration of Pb in crop tissues. 

The variability in Pb in produce is not linearly dependent on the total soil Pb. Clark et al. (2008) 

reported the concentration of Pb in produce varied by 3-orders of magnitude while the 

concentration of total Pb in soil varied at most by 50%.  

Although the primary focus on this project is directly measuring Pb in plant tissues, 

relating those results to soil geochemistry is necessary. The most common extraction procedure 

used to estimate the bioavailability of heavy metals in midwestern garden soils is the Mehlich 3 

procedure (e.g. Hosseiwwnpur & Motaghian, 2015; Minca et al., 2013). The Mehlich 3 

procedure uses a mixture of weak acids and chelating agents (0.2N CH3COOH + 0.25N NH4NO3 
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+ 0.015N NH4F + 0.013N HNO3 + 0.001M EDTA) to mimic soil rhizosphere conditions at the 

root hair (Mehlich, 1984).  

Accumulation of Pb in Produce. Urban agriculture studies have noted that 

concentrations of Pb in plant tissues decrease as much as 10-fold between each tissue group from 

the roots → leaves → stems → fruits (Finster et al., 2004) with Pb concentrations in tissues 

further summarized by (Sharma & Dubey, 2005) as root > leaf> stem > inflorescence > seed. 

Fruiting bodies (e.g. tomatoes, strawberries, corn, apples) accumulate less Pb compared to 

taproot crops (e.g. onions and carrots). However, concentrations of total Pb in produce grown in 

similar soil could vary by as much as 3 orders of magnitude (Clark et al., 2008).  

Evaluation of Exposure Risk. Estimates suggest that consumption of vegetables is a 

secondary, less critical exposure route (Augustsson et al. 2015; Brown et al. 2016; Chopra and 

Pathak 2015; Ferri et al. 2015; Jolly et al. 2013). However, much of the prior work did not 

evaluate the accumulation of Pb in produce grown in soils with Pb concentrations representative 

of soil from older neighborhoods (Attanayake et al. 2015; Entwistle et al. 2019; Mombo et al. 

2016; Yousaf et al. 2016). Of work evaluating Pb accumulation in produce grown in soils close 

to the range of Pb found in urban soils, the sample sizes and diversity of produce was limited 

(Finster et al. 2004) or the source of Pb was associated with either an acidic spill (Lima et al. 

2009b) or discharge from mining (Augustsson et al. 2015).Recent work has pointed out the 

importance of food as an exposure route (Rai et al. 2019). Although commercial foods in the 

United States are generally considered safe, work has identified Pb in commercially-sourced 

spices, ethnic foods, folk medicines, and other foods (Dignam et al. 2019; Hore et al. 2019). 

Further, now that the United States Food and Drug Administration (USFDA) has established an 

Interim Reference Level (IRL) for Pb for children aimed at achieving the Center for Disease 
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Control’s blood Pb reference value of 5 μg dL-1 (USFDA 2019), a quantitative evaluation of 

potential Pb exposure from consumption of home-grown produce is desperately warranted.  

1.3.4 Objective 4: Quantify Heavy Metal Concentration in Produce Purchased from 

Grocery Stores 

Heavy metal contamination identified in commercially available foods results in 

significant mass media coverage. Recalls are issued and offending brands pulled from grocery 

store shelves. This reactionary response is expected, but further highlights a possible risk of 

metals exposure posed by commercially-sourced foods. This potential exposure is of particular 

importance as vegetables are the third most common food purchased by supplemental nutritional 

assistance program households (Garasky et al., 2016). Under Objective 4, produce from grocery 

stores will be purchased and concentrations of heavy metals determined using methods described 

in Chapter 3. These samples will serve as the control for the study.  

The FDA conducts limited annual sampling of commercially-available foods under the 

Total Diet Study Program; however, without numerical food quality standards for heavy metals, 

the interpretation of the annual sampling data is incomplete. Analysis of samples collected 

between 1991 and 2014 detected Pb in several fresh and canned vegetables/fruits; however, 

maximum concentrations were all less than 0.01 μg g-1 (US Food and Drug Administration, 

2007, 2013). The results of the FDA study will be used as a secondary control for this study.  

1.4 EXPERIMENTAL METHODS 

To achieve Objective 1, in Chapter 2, appropriate XRF reference materials were 

purchased with heavy metal (primarily Pb) concentrations similar in magnitude to previous urban 

geochemistry and urban agriculture studies (Clark et al., 2006, 2008; Defoe et al., 2014; Finster 

et al., 2004; Hu et al., 2014; Huang et al., 2012; McBride et al., 2014; Sharma et al., 2015). The 
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variability in element concentration in aliquots of each SRM was determined by WD-XRF using 

fused bead and pressed pellet sample preparation procedures and calibration routines described 

in McHenry (2009) and McHenry et al. (2011). Additional element concentrations were 

measured by three commercial laboratories (TestAmerica Laboratories, Inc., Pace Analytical 

Laboratories, Inc., and the Wisconsin State Lab of Hygiene) using well established wet-

chemistry methods (USEPA, 1996, 2007). The results of the inter-laboratory comparison were 

used to develop custom WD-XRF measurement and calibration routines in the UWM 

Department of Geosciences X-Ray Laboratory.  

The commutability of reference materials to samples is critical in minimizing 

measurement uncertainty and mitigating matrix effects (absorption/enhancement) but has often 

been overlooked in prior food studies (Byers et al., 2016). To achieve Objective 2, in Chapter 3, 

a library of custom dried plant-based reference materials was developed from easily obtainable 

commercial materials using methods similar to Figueiredo et al. (2016). Custom WD-XRF and 

ED-XRF measurement and quantification routines were developed using the reference materials 

and the routines validated with measurements of produce completed during work associated with 

Chapter 4.  

To quantify accumulation of heavy metals in produce under Objective 3, in Chapter 4, a 

variety of crops representing a continuum of tissue groups were grown in soil collected from two 

residential properties, collected from a former metal foundry, and commercial topsoil purchased 

from a big-box retail outlet. Tissues were harvested and the concentrations of heavy metals 

determined using techniques described in Chapter 3. The risk to children from consuming 

produce grown in metals-rich soil was evaluated using commonly accepted exposure models.  
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To evaluate the presence of heavy metals in commercial produce under Objective 4, in 

Chapter 4, produce identical to that grown during Objective 3 was purchased from grocery stores 

and the concentrations of heavy metals were measured using techniques described in Chapter 3.   
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2.0 FORTY-NINE MAJOR AND TRACE ELEMENT 

CONCENTRATIONS MEASURED IN NIST SOIL SRM 2586, SRM 

2587, SRM 2709A, SRM 2710A, AND SRM 2711A USING ICP-MS 

AND WD-XRF.  

As published in Byers, H. L., McHenry, L. J., & Grundl, T. J. (2016). Forty-Nine Major and 
Trace Element Concentrations Measured in Soil Reference Materials NIST SRM 2586, 2587, 
2709a, 2710a and 2711a Using ICP-MS and Wavelength Dispersive-XRF. Geostandards and 
Geoanalytical Research, 40(3), 433–445. http://doi.org/10.1111/j.1751-908X.2016.00376.x 

2.1 INTRODUCTION 

Numerous geoscience/urban geochemistry investigations have used commercially 

available NIST soil Standard Reference Material (SRM) as calibration standards or as quality 

control materials (Fernández et al., 2014; Kenna et al., 2011; McComb et al., 2014; Murray et al., 

2011; Sutton et al., 2012; Weindorf, et al., 2012) NIST defines and provides Certified, 

Reference, and Information Values for element concentrations presented in SRM Certificates of 

Analysis. NIST certified values represent concentrations measured with the smallest 

measurement uncertainty and where sources of bias have been accounted for by NIST (May et 

al., 2000). Concentrations provided by NIST with larger measurement uncertainty are defined by 

NIST as reference values. Reported concentrations where uncertainty has not been evaluated are 

referred to by NIST as information values (May et al., 2000). Reference values or information 

values for the soil materials NIST SRM 2709, 2710 and 2711, reported either directly or as part 

of quality control exercises, have been provided previously by numerous investigators using 

XRF and/or ICP-MS (e.g., Wilson et al. 1994, Cloquet et al. 2005, Makinen et al. 2005, Murray 

et al. 2011, Weindorf et al. 2012, Gueguen et al. 2013). However, these three soil RMs are no 

longer commercially available and have been replaced by NIST SRM 2709a, 2710a and 2711a. 
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Along with SRM 2586 and SRM 2587, these five reference materials present a continuum of 

heavy metal concentrations and are considered representative of soils likely to be encountered in 

urban agriculture/urban geochemistry studies. However, characterization of these five soil RMs 

remains incomplete because very few reference values are available in the literature (Moon et al. 

2009, Paul et al. 2009, Hoang et al. 2010, Goix et al. 2011, Milliard et al. 2011, Alvarez-Toral et 

al. 2013, Claverie et al. 2013, Eriksson et al. 2013, Fernandez et al. 2014). The purpose of this 

study is to further characterize the variability in element concentrations (strictly, the mass 

fractions) in the five NIST SRM soil materials and provide reference values for previously 

uncharacterized elements. This will contribute to reducing the measurement bias of custom 

calibration routines and improving the quality of control checks developed using these NIST 

reference materials. 

2.2 EXPERIMENTAL 

The commutability of reference materials to anticipated samples is critical in decreasing 

measurement uncertainty. This study was focused on soils with heavy metal (primarily Pb) 

concentrations similar in magnitude to previous urban geochemistry and urban agriculture 

studies (Finster et al. 2004, Clark et al. 2006, 2008, Huang et al. 2012, Defoe et al. 2014, Hu et 

al. 2014, McBride et al. 2014, Sharma et al. 2015). Therefore, five commercially available NIST 

soil reference materials encompassing a continuum in heavy metal concentrations, organic 

carbon and mineralogy likely to be found in urban soils were selected for characterization. These 

originated from (a) a fallow agricultural field in the San Joaquin Valley of California (NIST 

SRM 2709a); (b) the floodway of Silver Bow Creek in Montana near a brownfield property 

(NIST SRM 2710a); (c) an agricultural field located near a former smelting plant in Helena, MT 
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(NIST SRM 2011a); (d) an urban agricultural garden contaminated with lead-based paint (NIST 

SRM 2587); and (e) urban soils contaminated with lead-based paint (NIST SRM 2586). 

Upon receipt of the NIST materials, each jar was shaken gently by hand for 30 s and 

aliquots of ca. 5 g were transferred from each jar to separate glass vials, which were then sealed 

with polyethylene caps. An aliquot of each NIST SRM soil sample was anonymized and 

submitted under chain of custody to the Wisconsin State Laboratory of Hygiene, Madison, 

Wisconsin (WSLH; a Wisconsin Department of Natural Resources certified laboratory) for ICP-

MS analysis. Concurrently, two aliquots were used to prepare pressed pellets and fused beads for 

analysis by WD-XRF at the University of Wisconsin-Milwaukee Department of Geo- sciences 

XRF laboratory using two separate custom WD-XRF calibration routines. A fourth aliquot was 

used to determine the mass lost on ignition (LOI). 

2.2.1 ICP-MS (WSLH) 

National Institute for Science and Technology soil reference material samples were 

digested at the WSLH using a standard microwave digestion procedure that involved adding 8.0 

ml of 16 mol l-1 HNO3 plus 2.0 ml of 12 mol l-1 HCl plus 2.5 ml of HF to 30-mg test portions 

of each RM. Digestions were measured in triplicate using a Thermo-Finnigan Element 2 

magnetic-sector ICP-MS. 

2.2.2 WD-XRF (Fused Bead Preparation) 

Fused beads of each NIST soil RM were prepared using the protocol described in 

McHenry (2009) in which 1.000 g of soil was added to 1 g of oxidizer (ammonium nitrate) and 

10.000 g of Claisse (Quebec, Canada) 50:50 lithium metaborate: lithium tetraborate flux 

containing 0.5% LiBr as a nonwetting agent. The material was fused at 1050 °C in a Claisse M4 

programmable fusion system. Fused beads were measured three times with a Bruker AXS, Inc. 
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Pioneer S4 WD-XRF instrument using a custom measurement and calibration procedure based 

on eleven USGS sedimentary and igneous geological reference materials made in the same 

manner as samples prepared for this study, as described by McHenry (2009). The USGS 

geological reference materials used in this calibration routine are AGV-1, BCR-2, BHVO-2, 

BIR-1, DNC-1, DTS-2b, G-2, GSP-2, RGM-1, SGR-1 and STM-1. The custom routine was 

refined in the Pioneer S4 software by correcting for peak overlaps and adjusted for the use of the 

bromide nonwetting agent. Absorption and enhancement due to matrix effects were corrected in 

the Pioneer S4 software using fundamental parameters, and calibration materials with 

concentrations less than the limit of detection were removed from the calibration routine. 

The intensities of eighteen major and trace elements in the reference materials were 

measured under vacuum using Ka1 lines except for Ba and Ce, which were measured using their 

La1 X-ray lines and concentrations determined through the custom fused bead calibration. To 

measure Na, K, Ca and Fe, the routine was optimized to count fluoresced X-rays for 10 s or until 

the statistical precision on counting values (determined as 3s based on a Poisson’s law) was less 

than 0.3%. For Al and Si, fluoresced X-rays were counted for fixed times of 10 s and 4 s, 

respectively. To measure the concentrations of Mg and P, the routine counted fluoresced X-rays 

for 30 s or until the statistical precision (3s) was less than 0.3% and 1%, respectively. The 

remaining elements were measured for 10 s or until the statistical precision (3s) was < 5%. 

Depending on the element, the routine used a pentaerythrite (PET), lithium fluoride (LIF200) or 

multilayer (OVO-55) analyzer crystal, and either a flow or scintillation counter. Specific routine 

details for each element, including generator voltage, tube current, collimator, analyzer crystal, 

detector and peak overlap corrections, are provided in Table 2.1S. 
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2.2.3 WD-XRF (Pressed Pellet Preparation) 

Pressed pellets of each NIST SRM soil were prepared by adding 10.0 g of material with 

four GeoQuant (Krupp Polysius Polab®) wax binder pills (1.25 g total) and combining in a 

tungsten carbide shatterbox for 30 s. Each prepared sample was placed in an Al sample cup and 

pressed at 25 t for 60 s in a 40 mm diameter pellet die hydraulic press as described in McHenry 

et al. (2011). Pressed pellets were measured three times using a Bruker AXS, Inc. Pioneer S4 

WD-XRF for major and trace elements using a custom measurement and calibration routine 

developed using nine USGS sedimentary and igneous rock reference materials (AGV-2, BCR-2, 

BHVO-2, DNC-1, DTS-2b, GSP-2, QLO-1, SGR-1 and W-2A) made in the same manner as 

samples prepared for this study as described in McHenry et al. (2011). The custom calibration 

routine was refined in the Pioneer S4 software by correcting for peak overlaps, Rh Rayleigh and 

Compton peaks, and contamination of W and Co from the shatterbox. Calibration materials with 

concentrations less than the limit of detection were removed from the calibration routine. 

The intensities of twenty-two elements in the NIST SRM materials were measured under 

vacuum using Ka1 lines, except for Ba and Ce, which were measured using La1 X- ray 

wavelengths and concentrations determined through the custom pressed pellet calibration. The 

routine was optimized to count fluoresced X-rays for 10 s or until the statistical precision (3s) 

was less than 5%. Depending on the element, the routine used a PET, LIF200 or OVO-55 crystal 

and either a flow or scintillation counter. Specific routine details for each element, including 

generator voltage, tube current, collimator, crystal, detector and peak overlap corrections, are 

provided in Table 2.2S. 
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2.2.4 Water Content and Loss on Ignition 

Test portions, weighing 4 g, of each NIST SRM soil material were dried for 2 hr in an 

oven at 105 °C to estimate the water content of each soil. Each oven-dried NIST SRM soil 

sample was divided into three 1-g aliquots and, following McHenry (2009), each aliquot was 

combusted in a muffle furnace at 1050 °C for 15 min and the mean LOI calculated for each RM 

to estimate the mass of material lost during fused bead preparation. 

2.2.5 Quality Control of WD-XRF Measurements 

As noted by Thomsen et al. (2003), the limit of detection (LOD) is considered the 

smallest concentration of an element that produces a response that can be distinguished from the 

background. The limit of quantitation (LOQ) is considered the smallest concentration that can be 

measured with minimal bias and error. The LOD for each WD-XRF measurement was calculated 

by the Pioneer S4 software, and the LOQ of each WD-XRF measurement was estimated by 

multiplying the LOD by 3.3 as suggested by Thomsen et al. (2003). WD-XRF measurements less 

than the LOD are omitted from Tables 2.6–2.10. WD-XRF measurements greater than the LOD 

but less than the LOQ are denoted on Tables 2.6–2.10 with a ‘J’ data qualifier and are considered 

information values; likewise the 1s and RSD for these measurements are provided for 

information purposes only, and the measurements less than the LOQ are omitted from further 

evaluation in this data assessment study. In addition, the statistical precision on the intensity 

measurement for each WD-XRF measurement was calculated by the Pioneer S4 software based 

on Poisson’s law, and if the statistical precision was greater than 12%, WD-XRF measurement 

results were omitted from Tables 2.1-2.10. 
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Due to contamination during sample preparation in the shatterbox, W and Co values 

cannot be reported for pressed pellet WD-XRF measurements. The flux used to make the fused 

beads contained 1% LiBr as a nonwetting agent, and due to a large peak overlap between Br and 

Rb, we are not able to report concentrations of Rb in fused bead WD-XRF pellets. 

During the manufacturing process, NIST sieved each soil material through a 200-mesh 

screen; therefore, the maxi- mum particle size should be no more than 75 um. As WD- XRF X-

ray penetration depths for the Mg, Al, Si, P, K, Ca and Ti Ka1 lines are less than 75 um, it is 

possible that the concentrations of these elements measured in this study using WD-XRF of 

pressed pellets are biased to elements concentrated in particles on the surface of the pellet and 

thus may not be representative of the bulk. Values for these measurands are reported in Tables 

2.1–2.10 for information purposes only. The penetration depth for Na is only 4.1 um; therefore, 

these results for WD-XRF measurements of pressed pellets are not reported. 

2.2.6 Data Reduction 

Based on the triplicate measurements of each analyte by ICP-MS and WD-XRF, the 

mean concentration of each element, associated standard deviation (s) and the relative standard 

deviation (RSD; expressed as per cent) were calculated for each NIST SRM soil for each 

measurement technique. Major element concentrations are presented in Tables 2.1–2.5, and trace 

element concentrations are presented in Tables 2.6–2.10 along with corresponding NIST 

certified, information, and reference values and associated uncertainties reported by NIST. 

To compare the concentrations measured in this study to concentrations reported by NIST 

and to other values reported in the literature, the relative difference (RD; expressed as a per cent) 

was calculated following USEPA (2007, 2014) as) as: 

𝑅𝐷 ሺ%ሻ  ൌ  ሺ஼ଵି஼ଶሻሺ಴భశ಴మሻ
మ

 𝑥 100        (1) 
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where C1 and C2 are element concentrations in sample 1 and sample 2, respectively. 

Relative difference is a dimensionless statistical measurement commonly used to evaluate the 

precision of two measurements of inorganic elements (USEPA 2007, 2014). A RD of 0 indicates 

that the two measurements are equal, while a larger or smaller RD indicates an increasing 

difference between the two measurements. A positive RD indicates that C1 > C2; conversely, a 

negative RD indicates C1 < C2. 

 For the purpose of this investigation, we assumed that the NIST values are the correct 

values; therefore, we used RD as a measurement of bias. As recommended in USEPA (2014), we 

define a RD of ± 20% as the control limit. We acknowledge that many trace elements are 

difficult to measure; therefore, for our evaluation, we define a RD of ± 40% as the threshold 

limit. Element concentrations with RD values outside the threshold limit are provided for 

information purposes only. 

The RD for each element for each NIST SRM soil comparing the NIST concentrations 

(C1) to the WSLH ICP-MS concentrations (C2) is illustrated on Figure 2.1. The RD for each 

element for each RM comparing the NIST concentrations (C1) with the fused bead WD-XRF 

concentrations (C2) is illustrated in Figure 2.2. The RDs comparing concentrations measured in 

this study by WSLH using ICP- MS (C2) to concentrations reported in the literature (C1) by 

Moon et al. (2009) and Paul et al. (2009), Hoang et al. (2010), Goix et al. (2011), Milliard et al. 

(2011), Alvarez- Toral et al. (2013), Claverie et al. (2013), Eriksson et al. (2013) and Fernandez 

et al. (2014) are shown in Figure 2.3.  

2.3 RESULTS AND DISCUSSION 

Excellent agreement was noted in the major and trace elements between measurements 

made in this investigation and the NIST certified, reference and information values (Figures 2.1 
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and 2.2). Measurement results from ICP-MS (at WSLH) seem to be uniformly lower compared 

with NIST values for NIST SRM 2710a, but no other bias is apparent in the WSLH 

measurements. As illustrated in Figure 2.1, 85% of WSLH measurements were within the control 

limit of ± 20% RD compared with NIST values and 99% of measurements were within the 

threshold limit of ± 40% RD compared with NIST values. In comparing the WD-XRF 

measurements of fused beads from our laboratory to NIST values, 97% of WD- XRF 

measurements were within the control limit of ± 20% RD and 100% of measurements were 

within the threshold limit of ± 40% RD. Elements with RD values outside the threshold limit are 

present in trace concentrations and are challenging to measure with reasonable precision. 

Therefore, we have great confidence in the values for the major and minor elements reported in 

this study. 

Element concentrations measured in this study by ICP-MS by WSLH are in close 

agreement with concentrations reported in the literature (Figure 2.3). In comparing the WSLH 

ICP-MS measurements with literature values, 88% of WSLH measurements were within the 

control limit of ± 20% RD and 99% of measurements were within the threshold limit (± 40% 

RD). Therefore, we have great confidence in the values for the major and minor elements 

reported in this study. 

For reference, the water contents in NIST SRM 2586, 2587, 2709a, 2710a and 2711a 

measured in this study were 1.6%, 1.1%, 2.7%, 1.8% and 2.1% m/m, respectively, and the mean 

LOI concentrations were 8.6%, 6.4%, 6.6%, 7.5% and 6.4% m/m, respectively. The respective 

standard deviations of the LOI measurements of NIST SRMs 2586, 2587, 2709a, 2710a and 

2711a were 0.2%, 0.1%, 0.2%, 0.02% and 0.03% m/m. 
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Our future goal is to advance the use of portable ED-XRF in measuring concentrations of 

heavy metals in urban soil in situ. As demonstrated in recent work completed by Perroy et al. 

(2014) and Weindorf et al. (2012), portable ED-XRF is a promising tool for use in urban 

agriculture/geochemistry investigations. With the increased information provided in this 

investigation, the bias in custom calibration routines for portable ED-XRF spectrometers 

developed with the characterized NIST SRMs will be reduced. 

2.4 CONCLUSIONS 

Eighty-five per cent of ICP-MS measurements (made at the Wisconsin State Laboratory 

of Hygiene, Madison, Wisconsin) and 97% of WD-XRF measurements (made at the Department 

of Geosciences, University of Wisconsin– Milwaukee) generated in this data assessment exercise 

when compared with NIST certified, reference and information values fell within a control limit 

of ± 20% relative difference. This provides confidence in the values for the major and minor 

elements reported in this study. We have described the variability in concentrations of up to 

forty-nine elements (plus LOI) and have provided values for up to twenty-one elements 

previously uncharacterized by NIST in soil reference materials NIST SRM 2709a, 2710a, 2711a, 

2586 and 2587. The additional characterization provided in this investigation will contribute to 

reducing measurement uncertainty in custom calibration routines and improving the quality of 

control checks developed using these NIST reference materials. 
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Figure 2.1. Relative Difference between NIST and WSLH Measurements.  

 

Note. Positive values indicate NIST values > WSLH measurements. Relative differences outside 

the presented intervals are provided as text on the figure.  
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Figure 2.2. Relative Difference between NIST and Fused Bead WD-XRF Measurements.  

 

 

Note. Positive values indicate NIST values > Fused Bead WD-XRF measurements. 
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Figure 2.3. Relative Difference between WSLH and Literature Values.  

 

 
Note. Positive values indicate WSLH measurements > Literature Values. 
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Table 2.1. Element concentrations in NIST SRM 2586 determined using three measurement 

methods. 
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Table 2.2. Element concentrations in NIST SRM 2587 determined using three measurement 

methods. 
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Table 2.3. Element concentrations in NIST SRM 2709a determined using three measurement 

methods. 

 

  



  

47 
 

Table 2.4. Element concentrations in NIST SRM 2710a determined using three measurement 

methods. 
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Table 2.5. Element concentrations in NIST SRM 2711a determined using three measurement 

methods. 
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Table 2.6. Element concentrations in NIST SRM 2586 determined using three measurement 

methods. 

 

Note. Element concentrations qualified with a “J” are greater than the limit of detection, but less 

than the limit of quantitation. Shaded rows represent elements not characterized by NIST. 
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Table 2.7. Element concentrations in NIST SRM 2587 determined using three measurement 

methods. 

 

Note. Element concentrations qualified with a “J” are greater than the limit of detection, but less 

than the limit of quantitation. Shaded rows represent elements not characterized by NIST. 
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Table 2.8. Element concentrations in NIST SRM 2709a determined using three measurement 

methods.  

 

Note. Element concentrations qualified with a “J” are greater than the limit of detection, but less 

than the limit of quantitation. Shaded rows represent elements not characterized by NIST. 
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Table 2.9. Element concentrations in NIST SRM 2710a determined using three measurement 

methods. 

 

Note. Element concentrations qualified with a “J” are greater than the limit of detection, but less 

than the limit of quantitation. Shaded rows represent elements not characterized by NIST. 
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Table 2.10. Element concentrations in NIST SRM 2711a determined using three measurement 

methods.  

 

Note. Element concentrations qualified with a “J” are greater than the limit of detection, but less 

than the limit of quantitation. Shaded rows represent elements not characterized by NIST. 
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Table 2.1S. Instrument setup and calibration routine details for WD-XRF fused bead analysis. 
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Table 2.2S. Instrument setup and calibration routine details for WD-XRF pressed pellet analysis.  
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3.0 XRF TECHNIQUES TO QUANTIFY HEAVY METALS IN 

VEGETABLES AT LOW DETECTION LIMITS 

As originally published in Byers HL, McHenry LJ, Grundl TJ. 2019. XRF techniques to quantify 

heavy metals in vegetables at low detection limits. Food Chem X 1:100001; 

doi:10.1016/J.FOCHX.2018.100001. 

3.1 INTRODUCTION 

For lithologic media, the quantification of elements using X-Ray Fluorescence (XRF) 

spectroscopy is well understood and methods of sample preparation, measurement methods, and 

calibration/quantification are well documented (e.g. Byers et al., 2016). In quantifying element 

concentrations using XRF, photons of energy are generated by an X-ray source (such as a 

compact Rh X-ray tube) and the photons pass through one or more primary filters to reduce the 

variability in source X-ray photon energy. Source photons then pass into a sample and transfer 

their energy to an inner-shell electron of an atom within the sample, which slightly displaces the 

electron from its preferred orbit leaving an unstable atom. An electron from an outer orbital then 

fills the vacancy in the lower orbital and at the same time releases energy in the form of a 

fluoresced secondary X-ray unique to the element and unique to the energy difference between 

orbitals. Element concentrations are determined by the rate at which fluoresced secondary X-rays 

are measured by a detector in the spectrometer.  

Due to the non-destructive nature of the analysis, XRF is emerging as a promising 

method for rapid quantification of heavy metals in vegetables as recent work demonstrates that 

Pb and other heavy metals are taken up and translocated from the soil into consumable vegetable 

tissues (Clark et al., 2006; Ferri et al., 2015; Finster et al., 2004; Jolly et al., 2013; Lima et al., 

2009; Nabulo et al., 2011; Rodriguez-Iruretagoiena et al., 2015; Sekara et al., 2005). Although 
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human exposure and the resulting health impacts from direct contact with Pb-contaminated soil 

is considered to be a primary pathway for Pb exposure in urban agriculture, secondary exposure 

from chronic consumption of vegetables containing Pb could be a significant contributing factor 

in total Pb exposure (Chopra & Pathak, 2015; Ferri et al., 2015; Jolly et al., 2013), especially in 

high-risk populations, such as low-income, immigrant communities where exposure to Pb 

remains disproportionately high. Child exposure to Pb leads to a multitude of poor health 

outcomes (Keller et al., 2017; Lane et al., 2008; Schnur & John, 2014); therefore, further 

evaluation of Pb (and other heavy metals) exposure is paramount.  

 Established methods for measuring elements in vegetable and herb tissues include a 

combination of traditional wet chemistry methods such as atomic absorption spectrometry (AAS) 

(Bozym et al., 2015; Chopra & Pathak, 2015; Lima et al., 2009; Sekara et al., 2005; Song et al., 

2012; Yadav et al., 2015), inductively coupled plasma-atomic emission spectrometry (ICP-AES) 

or inductively coupled plasma-mass spectrometry (ICP-MS) (Bešter et al., 2013; Finster et al., 

2004; Murray et al., 2011; Nabulo et al., 2011; Rodriguez-Iruretagoiena et al., 2015; Wisemanet 

al., 2013), wavelength dispersive XRF (WD-XRF) (Andersen et al., 2013; Figueiredo, et al., 

2016), bench-mounted energy-dispersive XRF (ED-XRF) (Anjos et al., 2002; Gallardo et al., 

2016; Jolly et al., 2013), and portable ED-XRF (Ferri et al., 2015; Gutiérrez-Ginés et al., 2013; 

Sacristan et al., 2016; Towett et al., 2016). Recent work quantified heavy metals in algae with 

portable ED-XRF using a fundamental parameter factory calibration for plastics (Bull et al., 

2017; Turner et al., 2017).  

Sample preparation for using AAS or ICP-MS to quantify heavy metals in plants involves 

ashing plant material in a furnace or with concentrated hydrogen peroxide followed by digestion 

with acid (HNO3, HCLO4, H2SO4) and/or microwave extraction using one or more concentrated 
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acids. These sample preparation techniques are inherently dangerous and generate a significant 

hazardous waste stream. Comparatively, XRF sample preparation techniques preserve the sample 

matrix and minimize waste generation. As noted by many in the literature (e.g. Gallardo et al., 

2016), XRF is a promising technique in quantification of Pb and other heavy metals in vegetable 

tissues. However, prior reviews of this technology have identified several limiting factors 

(Marguí et al., 2009; Palmer et al., 2009; Singh et al., 2017). The greatest obstacles identified in 

prior studies using XRF to measure heavy metals are achieving a limit of detection within the 

range of regulatory thresholds and generating consistent results that can be confirmed with 

another quantification technology. Due to limited commercial availability of reference materials 

and treatment of XRF spectrometers as “black box”, prior studies involving XRF have largely 

not controlled for matrix effects by: not matching the reference material matrix to sample matrix; 

using a multitude of sample preparation techniques; or using XRF standard factory calibrations 

optimized for non-carbon matrices. Further complicating prior XRF work is the quantitation of 

heavy metals based on the intensities of wavelengths with known peak overlaps. By addressing 

these inconsistencies and mitigating matrix effects, we hypothesize that WD-XRF and portable 

ED-XRF can be used to accurately and rapidly quantify heavy metals in vegetable samples with 

limits of detection applicable to health-based regulatory thresholds.  

Although the use of XRF in quantifying heavy metals in plant matrices has been reported 

previously, this work describes methods to systematically mitigate matrix effects through 

development of custom reference materials, building matrix-specific measurement and 

calibration routines, and confirming the efficacy of the XRF methods by comparison to ICP-MS 

analysis. Remarkably, no consumption standards exist in the United States for heavy metals in 

produce or cereals; therefore, this work relies on World Health Organization (WHO) food 
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standards (WHO, 2018). On a broader scale, food security threats are often identified in 

retrospective studies limited to select food groups, select manufacturers/countries of origin, 

and/or elements; however, with multiple new threats to food security identified each year, use of 

WD-XRF and portable ED-XRF spectrometry is a promising quality check that could be used at 

ports of entry by regulators, researchers, and/or growers/manufacturers to identify security risks 

prior to consumption/exposure.  

3.2 EXPERIMENTAL 

The single greatest source of bias in XRF measurements of vegetables is inter-element 

effects due to secondary absorption/enhancement of target wavelengths. Secondary absorption 

occurs when a fluoresced characteristic X-ray is absorbed by another atom in the matrix rather 

than returning to the detector, and if the absorbed energy is great enough, the atom will generate 

additional x-rays characteristic of the atom (direct secondary enhancement). Additional 

characteristic X-rays generated following secondary absorption can either return to the detector 

or be absorbed by additional atoms in the matrix and further generate characteristic x-rays 

(tertiary enhancement). Therefore, absorption/enhancement of characteristic X-rays can 

significantly alter the rate at which characteristic x-rays return to the detector such that element 

concentrations in the sample are not represented by the rate of characteristic x-rays. Mitigation of 

inter-element (matrix) effects therefore is central to all aspects of this experimental design.  

The commutability of reference materials to samples is critical in minimizing 

measurement uncertainty (Byers et al., 2016) and mitigating matrix effects 

(absorption/enhancement), but has often been overlooked in prior food studies. Commutability is 

especially critical when using XRF to quantify heavy metal concentrations in homogenized dry 

and undried (raw) vegetables as the mass attenuation coefficient of the vegetable matrix is very 
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small compared to more common and readily available silicate-based soil reference materials, 

which were often used in previous food studies using XRF spectroscopy. Unfortunately, metals-

rich plant-based reference materials are either no longer commercially available (eg. NIST SRM 

1515, NIST SRM 1547, BCR-60, BCR-100, BCR-279) or represent a very limited continuum of 

metal concentrations (ex. NIST SRM 1570a, NIST SRM 1575a, BCR-129, BCR-414, BCR-482, 

BCR-670, ERM-CD281, IRMM-804). 

Because fully developed and verified metals-rich plant-based reference materials are not 

readily available, custom dried plant-based reference materials were prepared from easily 

obtainable commercial materials using methods similar to (Figueiredo et al., 2016). Sample 

preparation techniques were developed for quantitation via WD-XRF and portable ED-XRF 

spectroscopy using the custom dried plant-based reference materials. Lastly, calibration routines 

were developed and confirmed with paired ICP-MS measurements of the reference materials. 

Paired XRF and ICP-MS measurements were taken for vegetables grown in garden soil collected 

from residential properties in the City of Milwaukee, Wisconsin to confirm the viability of the 

XRF measurement and calibration routines.  

Similar wet plant-based reference materials were prepared as an analogue to raw 

vegetables in an effort to use portable ED-XRF for quantification of metals in the field. Sample 

preparation techniques for undried (raw) samples and calibration routines were established. 

Paired WD-XRF and portable ED-XRF measurements were obtained from vegetables grown in 

garden soil collected from residential properties in the City of Milwaukee to evaluate the 

viability of the wet plant-based portable ED-XRF measurement and calibration routines. 
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3.2.1 Dried Plant-Based XRF Measurement and Calibration Routines 

Preparation of Dry Plant-Based Reference Materials. Twenty-one plastic jars 

containing 14 g of freeze-dried parsley were purchased from a retail source in Milwaukee, 

Wisconsin. The parsley was mixed in bulk and dried in an oven at 60 C for 48 h. The powdered 

parsley was powdered by hand and a 30 g (+/- 1 mg) aliquot of parsley power was added to a 

rotovap flask containing 200 ml of 18 μmho e-pure water and a pre-determined quantity of liquid 

ICP metals standard containing 100 mg L-1 of Al, As, Cd, Cr, Co, Cu, Fe, Pb, Mg, Mn, Ni, K, 

Na, Zn and 600 mg L-1 Y (Instrument Check Standard 7, SpecCerti Prep ®; Metuchen, NJ). The 

flask was swirled gently to hydrate the parsley and attached to a water-cooled rotovap (Heidolph 

Schwabach, Germany) operated at 80 oC and 80 RPM under vacuum to hydrate the parsley with 

the metals-rich solution while removing latent water. The rotovap process continued for 2 h or 

until the mixture was the consistency of a thick paste. The parsley was removed from the 

rotovap, dried in an oven at 60C for 48h. Dried material was milled in a tungsten carbide 

shatterbox for 30s to create a uniform homogeneous dry powder similar to (Marguí et al., 2009). 

The process was repeated in a step-wise fashion using varying volumes of metals standard to 

create a library of plant-based reference materials with nominal heavy metal (Al, As, Cd, Cr, Co, 

Cu, Fe, Pb, Mg, Mn, Ni, K, Na, and Zn) concentrations ranging from 0.5 μg g-1 to 100 μg g-1 dry 

weight and nominal Y concentrations ranging from 1 to 600 μg g-1. A blank reference was 

created using the same process, but omitting the addition of the ICP Standard.  

A 1g aliquot of each powdered reference material was digested by TestAmerica 

Laboratories, Inc. (Chicago, Illinois) using concentrated HNO3, HCl, and H2O2 per Method SW 

846 3050B (USEPA, 1996). Heavy metal concentrations in the digestions were measured in 

triplicate at the UWM School of Freshwater Sciences using a high resolution ICP-MS (Thermo 
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Scientific Element 2) to confirm element concentrations in the reference materials. ICP-MS 

detection limits for heavy metals of concern are less than 0.1 μg g-1.  

Preparation of Dry Pressed Pellets for XRF Analysis. Preparation of typical powdered 

soil and rock samples for XRF analysis involves either fusing samples with a flux (such as 

lithium tetraborate) at high temperature or pressing powdered samples with a carbon-based 

binding agent under high pressure to create uniform pellets (Byers et al., 2016). Fusion or ashing 

is impractical; therefore, uniform pellets were created by pressing dried powdered plant samples 

at 25 t for 60 s in a 40 mm diameter hydraulic die press.  

The variability in pellet thickness across the urban agriculture literature is large and is 

likely a source of bias. Because matrix attenuation is minimal in vegetable samples, source X-

rays entering a vegetable sample can pass entirely through the sample and generate fluoresced X-

rays from the entire sample thickness. Therefore, the depth of measurement (also referred to as 

escape depth) for each element wavelength becomes limited by the attenuation of the fluoresced 

secondary X-rays by the sample matrix, not by the attenuation of the source X-ray. For a given 

element wavelength, if the sample is thicker than the measurement depth, the net intensity of 

fluoresced X-rays is independent of sample thickness, and the pellet is considered “infinitely 

thick.” If the sample is thinner than the measurement depth for a given element wavelength, the 

pellet is considered “infinitely thin.” If a pellet is infinitely thin with respect to a given element 

wavelength, the net intensity of fluoresced X-rays is a function of sample thickness (mass) and 

subject to significant bias between samples unless samples are of uniform thickness. 

Additionally, vegetable samples considered infinitely thin could be subject to significant bias 

from characteristic fluoresced X-rays generated by the spectrometer shielding/housing passing 

backwards through the sample matrix and potentially generating secondary or tertiary 
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enhancement of characteristic X-rays from matrix elements or by passing through the matrix and 

being directly measured by the spectrometer detector.  

The depth of measurement (or escape depth of fluoresced X-rays) is calculated based on 

the matrix density and mass attention coefficient for varying X-ray wavelengths of interest 

(Towett et al., 2016). Unfortunately, the mass attenuation coefficient for plant tissues is unknown 

and the density of dried vegetables is variable between tissues with reported values ranging from 

1.1 g cm-3 to 1.7 g cm-3 (Martynenko, 2014; Rodríguez-Ramírez et al., 2012). We used a 

nominal density of 1.4 g cm-3 to represent a generic dried vegetable tissue and the mass 

attenuation coefficient of simple sugar+cellulose (C6H12O6C6H10O5) reported by the National 

Institute of Standards and Technology (Chantler et al., 2001) for varying wavelengths from 0 to 

40 keV (Figure 3.1). With these conservative model factors, calculations indicate a dried plant-

based sample 1.7 cm thick should be infinitely thick with respect to the Pb Lβ1 wavelength 

(12.614 keV). Based on the diameter of the pellet die used in this study, a 1.7 cm thick pellet 

would require approximately 30 g of dried plant material, which is too much powered material 

for the XRF pellet die to process. Further, as raw vegetables used in our larger study were 87% 

water on average, roughly 250 g of raw vegetable would be needed to create a single pellet; 

which is impractical. Knowing Cr is present inside the housing and shielding of the Pioneer S4 

WD-XRF used in this study (Bruker AXS, Inc.), pellets had to be infinitely thick with respect to 

the CrKα1 wavelength (5.415 keV) to prevent bias in the measurements. To be conservative, 3.2 

g of powdered sample per pellet were used and when pressed at 25 t for 60 s, resulted in a pellet 

approximately 1.9 mm thick. Pellets prepared in this manner are competent, resilient to handling, 

maintain integrity when stored long-term in a desiccator, and can be analyzed by WD-XRF 

spectrometry under vacuum without breakage.  
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Selecting appropriate wavelengths for quantification of heavy metals with XRF is critical 

to minimize bias and error in measurement routines. Lighter weight elements are commonly 

quantified based on Kα wavelengths, and due to the keV limitations of the Rh X-ray tube, 

elements heavier than La are commonly quantified based on Lα wavelengths. However, as 

shown on Figure 3.2a, the Pb Lα1 wavelength overlaps the As Kα1 wavelength. Therefore, to 

mitigate the peak overlap with As, we used the Lβ1 wavelength for quantification of Pb. 

The potential for absorption and enhancement in the matrix was evaluated for each 

element of interest using data provided by (Hubbell & Seltzer, 2004). Enhancement of the Pb 

Lβ1 wavelength is not expected from elements in the parsley matrix, from elements contained in 

the ICP Standard, or from elements in the shielding/housing. However, as illustrated on Figure 

3.1S, absorption and secondary or tertiary enhancement of Ka1 wavelengths of Zn, Ni, Fe, Cr, 

Cu, Co, Mn, and As is possible from elements in the parsley matrix, elements contained in the 

ICP Standard, and/or elements in the spectrometer shielding/housing. 

Using multiple metal foils, we assessed the measurement depth of each element 

wavelength of interest and possible matrix effects as described in Section 2.1.4 to confirm we 

had adequately controlled for possible bias associated with pellet thickness and matrix effects.  

Development of a Dried Plant-Based WD-XRF Measurement and Calibration 

Routine. A custom measurement routine was developed in the Bruker AXS, Inc. Pioneer S4 

WD-XRF Spectra Plus software to measure the intensities under vacuum of Pb using the Pb Lβ1 

wavelength and Cr, Ni, and Y using Kα1 wavelengths. Specific analytical details for each 

element are provided on Table 3.1S.  

Each pellet in the reference material library was analyzed with the WD-XRF 

measurement routine. Custom calibration routines for each element were developed by 
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comparing net X-ray intensities to known dry weight element concentrations based on element 

concentrations in each reference material (including the “blank”) as determined by ICP-MS. The 

routine corrected for rhodium Rayleigh and Compton peaks, matrix effects, and possible 

contamination of tungsten and cobalt from the shatterbox. Reference materials with element 

concentrations less than the limit of detection determined by the Pioneer S4 software were 

omitted from the calibration routines. The goodness of fit, root mean square error, calibration 

range, the LOD determined by the Pioneer S4 software, and the LOQ calculated per (Thomsen et 

al., 2003) are listed in Table 3.1. The coefficient of determination (r2) of each calibration is no 

less than 0.999 with corresponding single-digit root mean square errors.  

Confirmation of the Dry Plant-Based WD-XRF Measurement and Calibration 

Routine. Common garden vegetables were grown in pots of metals-rich soil sourced from 

residential vegetable gardens in the City of Milwaukee, Wisconsin. The vegetables were 

harvested, scrubbed vigorously under running water, peeled (root vegetables only), chopped, 

dried in an oven at 60 oC for 48h, milled in a tungsten shatterbox for 30 s, and a 3.20 g aliquot of 

each sample was pressed at 25 t for 60 s in a 40 mm diameter pellet hydraulic die press. Each 

sample was analyzed by WD-XRF using the routine described previously and concentrations 

determined from calibration curves. 

Infinite thickness calculations were confirmed using the vegetable pellets by comparing 

the change in net WD-XRF intensities measurements with and without the presence of a metal 

foil placed behind dried pressed vegetable samples. The four separate metal foils used in this 

evaluation include two 99% pure foils of (1) 0.2 mm Cu and (2) 1 mm Pb and two alloy foils of 

(3) 0.3 mm “nickel-silver” (consisting of 65% Cu, 18% Ni, and 17% Zn) and (4) 0.4 mm 

stainless steel foil containing Cr and Mn.  
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After measurement with WD-XRF, 23 vegetable pressed pellets representing the range of 

measured Pb concentrations were broken into 1g aliquots and digested by TestAmerica 

Laboratories, Inc. using Method SW 846 3050B (USEPA, 1996). Heavy metal concentrations in 

the digestions were measured in triplicate at the UWM School of Freshwater Sciences using a 

high resolution ICP-MS (Thermo Scientific Element 2) and concentrations converted to dry 

weight for comparison between the two analytical techniques. The paired relationships between 

ICP-MS and WD-XRF measurements of Pb in vegetables are illustrated on Figure 3.3a.  

Development of a Dried Plant-Based Portable ED-XRF Measurement and 

Calibration Routine. The WD-XRF used in this study is a bench-mounted spectrometer, which 

limits the usefulness of this technology in real-time quantification of heavy metals in remote 

locations, such as agricultural fields, gardens, or ports of entry. Portable hand-held ED-XRF is a 

promising technology for rapid quantification of elements and shows particular promise in the 

areas of food security/food quality. However, older ED-XRF spectrometers often measured 

intensities of elements from peaks with known overlaps and relied on default factory 

calibrations. Recently developed instrumentation allows the entire X-Ray spectrum to be 

captured, stored, and custom calibrations developed based on distinctive element wavelengths. 

Methods for developing and confirming measurement and calibration routines for quantification 

of heavy metals in dried pressed pellets with portable ED-XRF are identical to the methods 

described previously in developing and confirming routines for WD-XRF. In addition to 

confirming the infinite thickness calculations using metals foils, the influence of measurement 

time on accuracy and the influence of multi-metal primary filters on detection limits were 

evaluated. 
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The dried pressed pellet reference materials used in the WD-XRF measurement routine 

were placed on the stage of a Bruker Tracer portable ED-XRF spectrometer and the fluoresced 

XRF spectra captured using the Bruker S1PXF software program. Fluoresced X-rays were 

measured with a silicon drift detector for 120 seconds in air at 40 keV and 40 uA and used a 

removable multi-metal primary filter consisting of 25 μm Cu, 25 μm Ti, and 25 μm Al (Cu/Ti/Al 

filter). The average valid photon count rate was 16,815 photons per second with a resolution of 

20.04 eV per channel at full height width for the Mn Kα 1 wavelength. The X-ray source of the 

spectrometer is a Rh-tube oriented at a 53-degree angle with respect to the sample. As the entire 

spectrum from 0 to 40 keV was captured by the software, routines were developed to quantify 

Cr, Mn, Ni, Cu, Zn, Pb, Y, and Cd. The captured spectra for the 10 μg g-1 reference material and 

the net Pb Lβ1 wavelength intensities for six reference materials are illustrated on Figure 3.2. 

Calibration routines were developed by comparing net X-ray intensities to known dry weight 

element concentrations using the Bruker Microsoft Excel plugin (S1CalProcess). The peak 

overlap corrections, goodness of fit, root mean square error, calibration range, the LOD 

calculated using the background equivalent concentration approach (Thomsen, 2012) and the 

LOQ calculated (Thomsen et al., 2003) for each element are summarized on Table 3.2. The r2 of 

each calibration is no less than 0.97 with corresponding single-digit root mean square errors.  

To confirm that the infinite thickness observations made with WD-XRF remained valid 

for portable ED-XRF, the same reference materials were analyzed for 120 seconds and net 

intensities determined. A piece of 1 mm 99% pure Pb foil was placed behind the pellet and the 

analysis repeated. The Pb foil was removed and a 0.025 mm piece of 99.9% pure Mo foil was 

placed behind the pellet and the analysis repeated a third time. The associated intensities 
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increased with the presence of a metal foil, confirming the pressed pellets are infinitely thin with 

respect to the Pb Lβ1 and Mo Kα1 wavelengths.  

Prior studies have counted fluoresced X-rays in plant material from 30 to 240 seconds 

(Bull et al., 2017; Gutiérrez-Ginés et al., 2013; Sacristan et al., 2016), or did not specify count 

times. To optimize the portable ED-XRF measurement routine and to quantify the improvement 

in the accuracy with an increase of time, four dried plant-based reference materials were 

analyzed by ED-XRF as described previously by varying measurement times from 5 s to 300 s. 

The resulting Pb concentrations were compared to the known Pb concentrations and the relative 

percent differences between each data pair calculated as described in Byers et al. (2016) (Figure 

3.2S). The relative difference neared + 10% at 120s and only marginal improvements were noted 

with longer measurement time, therefore 120 seconds was selected as the default measurement 

time for the portable ED-XRF measurement routine.  

Primary multi-metal filters have been designed by ED-XRF manufacturers to reduce 

variability in the energy of source X-ray photons and reduce background radiation. As illustrated 

on Figure 3.2a, the Pb Lβ1 peak is located on the shoulder of the inelastic Compton radiation 

peak originating from the Rh tube. Normally, XRF measurements are normalized to this inelastic 

scatter (18.5-19.5 keV); however, normalization requires additional steps in the calibration. 

Therefore, the ED-XRF measurement and calibration steps outlined above were repeated using 

an alternative removable multi-metal primary filter consisting of 25 μm Ti, 50 μm Fe, and 25 μm 

Mo (Ti/Fe/Mo) designed to reduce the overall Compton radiation. The average valid photon 

count rate was 2,931 photons per second with a resolution of 19.98 eV per channel at full height 

width for the Mn Kα1 wavelength. The peak overlap corrections, goodness of fit, root mean 

square error, calibration range, the LOD calculated using the background equivalent 



  

69 
 

concentration approach (Thomsen, 2012) and the LOQ calculated (Thomsen et al., 2003) for 

each element summarized on Table 3.2S. Although the calibration goodness of fit parameters 

with the Ti/Fe/Mo multi-metal primary filter are reasonable (r2 values near one with single digits 

RMSE values), there is a small loss of fit in lower wavelengths. 

Confirmation of the Dry Plant-Based Portable ED-XRF Measurement and 

Calibration Routine. The researchers grew common garden vegetables as described in Section 

2.1.4 and samples prepared as described in Section 2.1.3. Each sample was analyzed by portable 

ED-XRF using the primary filter as described above. After measurement with the ED-XRF, 27 

vegetable pressed pellets representing the range of measured Pb concentrations were broken into 

1g aliquots and analyzed using ICP-MS as described in Section 2.1.3. The paired relationships 

between ICP-MS and ED-XRF measurements for Pb are illustrated on Figure 3.3b. 

To determine if changing primary multi-metal filters improved the applicability of the 

calibration to vegetable samples with respect to Pb, 35 additional samples of vegetables grown 

by the researchers were prepared as dried pressed pellets and analyzed with ED-XRF equipped 

with the Ti/Fe/Mo multi-metal primary filter. Concentrations were compared to measurements 

made using WD-XRF; the paired relationships between WD-XRF and ED-XRF measurements 

for Pb are illustrated on Figure 3.3c. Although the calibrations for Pb using either primary filter 

is acceptable, the viability of the calibration routine to actual samples is better with the Cu/Ti/Al 

filter.  

3.2.2 Wet Plant-Based ED-XRF Measurement and Calibration Routines 

Preparation of Wet Plant-Based Reference Materials. A major limitation to the use of 

portable ED-XRF in urban agriculture and food security applications is the lack of commercially 

available metals-rich raw (undried) plant-based reference materials. In developing undried 
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reference materials analogous to raw vegetables, additional commercially sourced dried parsley 

was mixed with the liquid ICP metals standard and processed in a roto-vap as described 

previously to create a second library of eleven dried/homogenized parsley-based reference 

materials with Pb concentrations ranging from 0.5 μg g-1 to 100 μg g-1 on a dry-weight basis as 

confirmed by WD-XRF. The mean water content of vegetables grown in metals-rich soil used in 

this study is 87% with a standard deviation of 4%. To prepare a reference library analogous to 

raw vegetables, a 1.50 g aliquot of dried reference material was added to a glass vial containing 

8.50 g of e-Pure water. The mixture was gently stirred, the jar lid tightly secured, and the mixture 

allowed to rest for 12h. The process was repeated in a step-wise fashion to create a library of 

“wet” plant-based reference materials with Pb concentrations ranging from 0.0 μg g-1 to 15 μg g-1 

wet weight. A blank reference was created using the same process. A second set of reference 

materials was created with 65% water for comparison purposes.  

Development of Wet Plant-Based Portable ED-XRF Measurement and Calibration 

Routine. The 65% and 85% water content plant-based reference material sets were packed into 

single open-ended 32 mm diameter (10 ml volume) XRF sample cups (Premier Lab Supply; Port 

St. Lucie, FL) and secured with 4.0-micron polypropylene film (Premier Lab Supply). Each 

sample cup was analyzed via portable ED-XRF for 120 seconds using the Bruker S1PXF 

software program as described previously using the Cu/Ti/Al primary filter. The average valid 

photon count rates for reference materials with 65% and 85% water were 34,684 and 35,324 

photons per second, respectively, with resolutions of 20.02 eV per channel at full height width 

for the Mn Kα wavelength. The measurement routine measured fluoresced X-rays for 120 

seconds at 40 keV and 40 uA.  
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Calibration routines were developed to quantify Cr, Ni, Pb and Y. Custom calibration 

routines for each set of reference material were developed in Microsoft Excel using the Bruker 

plugin (S1CalProcess). The goodness of fit, root mean square error, calibration range, the LOD 

calculated using the background equivalent concentration approach (Thomsen, 2012) and the 

LOQ calculated (Thomsen et al., 2003) for each element is summarized on Table 3.3 for both 

water contents. The goodness of fit parameters for each element using the 85% water content 

reference set are less than those using the 65% water content reference set. Although the LOD 

and LOQ values for each element are similar between the two water contents, when converted 

from wet weight concentrations to dry weight concentrations, the calibration developed with 

85% water content is weaker by comparison.  

Confirmation of the Wet ED-XRF Measurement and Calibration Routine. Common 

garden vegetables were grown by the researchers in pots of metals rich soil sourced from 

residential vegetable gardens in the City of Milwaukee, Wisconsin. The vegetables were 

harvested, scrubbed vigorously under running water, and peeled (if necessary). Each vegetable 

tissue sample was coarsely homogenized in a food processor for 10 seconds. An aliquot of the 

homogenized slurry was poured into a 32 mm XRF sample cup and the sample cup secured with 

4-micron polypropylene film. The sample cup was placed on the stage of a Bruker Tracer 

portable ED-XRF spectrometer and the fluoresced XRF spectra captured and analyzed as 

described in Section 2.2.2. The concentration of heavy metals was calculated based on the 85% 

water calibration routine. After analysis, the wet sample was dried and pressed pellets prepared 

as described in section 2.1.2 and analyzed using the dried WD-XRF measurement routine.  

To confirm the measurement depth of raw vegetables with portable ED-XRF, 67 

vegetables grown in soil collected from residential vegetable gardens in Milwaukee, WI were 
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coarsely homogenized, packed into sample holders, X-rays counted for 120 seconds, and net 

intensities determined. A piece of 1mm 99% pure Pb foil was placed behind the sample holder 

and the analysis repeated. The Pb foil was removed and a 0.025 mm piece of 99% pure Mo foil 

was placed behind the sample holder and the analysis repeated a third time. Based on the change 

in peak intensities, the samples are considered infinitely thick for the Pb Lβ1 wavelength, but not 

the Mo Kα1 wavelength.  

3.2.3 Data Evaluation 

The r2 statistic is commonly used in bivariate calibration regressions to explain the 

amount of variability in the dependent variable (concentration) that can be explained by the 

independent variable (peak intensity). In XRF spectroscopy, researchers strive to maximize the r2 

value as close to 1 as possible. Further, the XRF calibration routines are also evaluated with root 

mean square error (RMSE) values, which is the standard deviation of the calibration regression 

residuals. Most importantly, the RMSE can be interpreted in terms of measurement units of the 

dependent variable, which in this study is element concentration expressed in μg g-1. Therefore, 

in refining calibration routines, the r2 values were maximized and RMSE values minimized.  

RMSE values were further used to evaluate the minimum element concentration 

quantifiable by each calibration. If the RMSE is less than the calculated LOQ, then the LOQ 

represents the smallest concentration that can be quantified by a calibration routine. However, if 

the RMSE is greater than the LOQ, then the RMSE represents the smallest concentration that can 

be quantified by the calibration routine. This approach allows for a greater certainty in the 

calibration and is more rigorous compared to the more common approach where the calibration 

range assumed to be represented by the range in concentration of calibration reference materials. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Dried Plant-Based WD-XRF Measurement and Calibration Routines 

Evaluation of Measurement Depth and the Infinite Thickness Assumption. Dried 

pressed pellets of vegetables of consistent mass considered infinitely thick with respect to CrKα1 

and considered infinitely thin with respect to Pb Lβ1 were analyzed and the measurement depths 

confirmed with metal foils as described previously. Net intensities of the Pb Lβ1 wavelength 

increased 4 orders of magnitude when the Pb foil was placed behind samples, thus confirming 

the pressed pellet samples are infinitely thin at 12.614 keV. Similarly, the net intensities of the 

Cu Kα1 fluoresced X-rays increased one order of magnitude confirming samples remained 

infinitely thin at 8.046 keV. When the “nickel-silver” foil was added behind the sample, the 

mean Ni Kα1 net intensity increased by 11 counts per second, which is a statistically significant 

increase (t< 0.001; 16 df) and equal to an increase of 77 μg g-1. The mean net intensity of the Mn 

Kα1 wavelength increased by 0.05 counts per second when the stainless steel foil was added, 

which is a statistically significant increase based on a matched-pair analysis (t< 0.01; 15 df), 

although the mean increase is equal to an increase of only 1 μg g-1. The Cr Kα1 (5.415 keV) net 

intensities and corresponding concentrations did not increase (t> 0.5; 15 df) when the stainless 

steel foil was added behind samples. This empirical evaluation matches the calculations of 

infinite thickness illustrated on Figure 3.1, and by controlling for matrix effects, confirms that 

the dried vegetable pressed pellets used in this study are appropriate for use in measuring 

elements with fluoresced wavelengths less than 5.451 keV. Potential enhancement from 

absorption of characteristic x-rays generated in the housing is controlled.  

Researchers are cautioned to evaluate multiple thicknesses of sample to quantify the 

impact thickness will have on measurement results for a particular element of interest. For 
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example, although the concentration of Mn increased by 1 μg g-1 by adding foil behind the pellet, 

this increase may be within acceptable bias tolerances in some applications, especially if the 

target element is not present in the shielding and housing of the spectrometer or not subject to 

influence from absorption/enhancement by matrix elements.  

Evaluation of the Dry Plant-Based WD-XRF Measurement and Calibration Routine 

for Pb. Measurements indicate Pb is not present in the housing of the WD-XRF, therefore, 

although the pellets are infinitely thin for the Pb Lβ1 wavelength, the housing of the WD-XRF is 

not a direct source of bias in these measurements. The RMSE value of the Pb WD-XRF 

calibration routine is greater than the LOD, but less than the LOQ; therefore, the calibration 

range for Pb varies between 1 and 96 μg g-1 (Table 3.1). Although RMSE and LOQ values from 

calibrations developed by others are not widely available in the literature, the LOD value for Pb 

in this study is one or more orders of magnitude less than values reported previously (Andersen 

et al., 2013, Gutierrez-Gines et al., 2013, Gallardo et al., 2016), and more importantly, the LOD 

(0.3 μg g-1) is equal to the Maximum Level for Pb in leafy vegetables (on a dry weight basis) and 

only 0.1 μg g-1 greater than the Maximum Level for Pb in cereal (WHO, 2018).  

The appropriateness of the WD-XRF calibration routine for Pb developed in this study to 

actual vegetable samples was further confirmed with paired ICP-MS measurements. The slope of 

the bivariate regression between 23 WD-XRF and ICP-MS measurements of vegetables grown in 

metals-rich soil is 1.08 with an r2 value of 0.96 providing additional support in the accuracy of 

WD-XRF measurements (Figure 3.3a).  

Evaluation of the Dry Plant-Based WD-XRF Measurement and Calibration Routine 

for Cr, Ni, and Y. ICP-MS measurements confirmed the presence of Cr and Ni in the parsley 

used in this study. However, as RMSE values are less than LOQs and the XRF software 
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calculated LODs are less than the Cr and Ni concentrations in the blank, the Cr and Ni 

calibrations are considered satisfactory for the element concentrations represented by the 

reference materials (Table 3.1). Although RMSE and LOQ values for calibrations are largely 

absent from the literature, our LOD values for these elements are lower than those previously 

achieved (Ni and Cu; Gutiérrez-Ginés et al., 2013 and Cu; Otaka et al., 2014). 

The concentrations of Y were minor in the vegetable samples; therefore, our evaluation 

of the WD-XRF routine with ICP-MS was not possible. However, measurements indicate Y is 

not present in the housing of the WD-XRF, therefore, although the pellets are infinitely thin for 

the Y Kα1 wavelength, the housing of the WD-XRF is not a direct source of bias in these 

measurements. Unfortunately, the concentrations of Cr and Ni are greater than the WD-XRF 

LOQs for only eight confirmation samples; therefore, our evaluation of the WD-XRF routine 

with ICP-MS is limited. Potential bias from absorption/enhancement due to the matrix and 

further enhanced by XRF shielding containing mixed metals is critical when evaluating transition 

metals in a carbon matrix. For instance, because the pressed pellets are infinitely thick for Cr 

Kα1, the presence of Cr in the housing/shielding of the XRF are not considered direct sources of 

bias in measurements. However, fluoresced Fe Kα1 X-rays from the shielding could be absorbed 

by Cr in the matrix and enhance fluorescence of Cr Kα1 X-rays. In addition, measurable 

quantities of Ni are present in the WD-XRF housing/shielding and the pellets are considered 

infinitely thin for Ni; therefore, characteristic Ni Kα1 X-rays generated by the XRF housing 

could return to the detector and serve as a source of direct bias. Or, Ni Kα1 characteristic X-rays 

generated by the shielding could be absorbed by Fe in the sample matrix, which could in turn 

enhance the generation of Cr Kα1 wavelengths. Therefore, researchers cannot ignore increased 

matrix enhancement due to the influence of shielding. To mitigate this potential source of bias, 
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the same shielding/housing must be used for all samples so that critical enhancement influences 

can be controlled during development of the calibration routine.  

3.3.2 Dried Plant-Based ED-XRF Measurement and Calibration Routines 

Evaluation of Measurement Depth and the Infinite Thickness Assumption. This 

study focuses on the most common heavy metals, therefore optimization of ED-XRF calibration 

focused primarily on the spectrum between Cr Kα1 (5.415 keV) and Pb Lβ1 (12.614 keV) with 

less interest in the Y Kα1 (14.958 keV) to Cd Kα1 (23.173 keV) range.  

Measurement depths of the dried pellets with portable ED-XRF were evaluated with 

metal foils as described previously. Similar to WD-XRF measurements, the Pb Lβ1 and Mo Kα1 

intensities measured by ED-XRF increased significantly with the presence of the associated 

metal foil. Therefore, the pressed pellets are infinitely thin with respect to the Pb Lβ1 and Mo 

Kα1.  

Evaluation of the Dry Plant-Based ED-XRF Measurement and Calibration Routine 

for Pb. The RMSE, LOD, and LOQ values for the portable ED-XRF calibration for Pb with the 

Cu/Ti/Al multi-metal primary filter (Table 3.2) are nearly identical to the values for the WD-

XRF calibration routine. Even more promising is the calibration accuracy that was achieved with 

the portable ED-XRF even though measurement count times are 5 times less than WD-XRF. 

Further, the confirmation of ED-XRF measurements with 27 paired ICP-MS measurements 

suggest the ED-XRF calibration routine with the Cu/Ti/Al multi-metal primary filter is accurate 

(regression r2 = 0.97; slope = 1.02) with no apparent bias (Figure 3.3b).  

The variation between the measured concentrations and known concentrations using four 

reference materials decreases sharply when portable ED-XRF measurement times are increased, 
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with very little difference in RD values in measurements lasting 120 seconds or longer (Figure 

3.2S). Therefore 120 seconds analysis time is considered sufficient.  

To reduce the Compton peak, the calibration and verification process summarized above 

was repeated using the a Ti/Fe/Mo multi-metal primary filter. Although the valid photon count 

rates reduced significantly with the second primary filter, the RMSE, LOD, and LOQ values 

(Table 3.2S) did not increase significantly compared to the first filter. However, the confirmation 

of Pb ED-XRF measurements with 35 paired WD-XRF measurements of vegetable samples 

indicate the ED-XRF calibration routine with the Ti/Fe/Mo multi-metal primary filter is weak 

(regression r2 = 0.91; slope = 1.39) with an unexplainable positive bias (Figure 3.3c). Although 

the Ti/Fe/Mo primary filter decreased background radiation, use of the Cu/Ti/Al primary filter is 

preferable for quantification of Pb in vegetables. 

Evaluation of the Dry Plant-Based ED-XRF Measurement and Calibration Routine 

for Additional Heavy Metals. Although Pb is the primary metal of interest in this study, the 

ED-XRF captured a wide spectrum range allowing for quantification of several metals. The 

relatively small RMSE and LOQ values suggest these elements can be accurately measured with 

ED-XRF down to the single-digit μg g-1 range (Table 3.2).  

3.3.3 Wet Plant-Based Portable ED-XRF Measurement and Calibration Routines 

Evaluation of Measurement Depth and the Infinite Thickness Assumption. Based on 

a matched-pair statistical analysis, adding Pb foil behind the sample cups did not increase the net 

intensity of the Pb Lβ1 wavelength (p< 0.08, DF=67) suggesting the coarsely homogenized wet 

(raw) samples packed into sample cups are infinitely thick for wavelengths less than 12.614 keV. 

However, adding Mo foil behind the sample cups significantly increased the net intensities of the 
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Mo Kα1 wavelength (p< 0.001; DF=66) confirming that samples are infinitely thin for 

wavelengths greater than 17.480 keV.  

The RMSE, LOD, and LOQ values on a wet weight basis from the 85% water calibration 

of Cr, Ni, Pb, and Y (Table 3.3) are similar to values from the dry pressed pellets indicating X-

ray attenuation by the presence of water is minimal. However, when converted to a dry weight 

basis the portable ED-XRF RMSE, LOD, and LOQ values from the wet plant-based calibration 

routine are comparatively large. Although the water in the reference materials does not 

significantly attenuate fluoresced X-rays, the water present in the matrix dilutes the quantity of 

heavy metals per unit volume of sample to a point where ED-XRF measurements of wet 

vegetables are not useful from a regulatory perspective unless the element concentrations are 

sufficiently large. Very few vegetables grown in this study had heavy metal concentrations 

greater than LOQs, therefore evaluation of the 85% water ED-XRF calibrations with 

confirmation samples was not possible.  

Increasing the sample analysis time is the most common way to increase the precision 

and accuracy of XRF measurements and lower XRF detection limits. A supplemental ED-XRF 

calibration was developed using the 85% water content reference set by increasing the count time 

from 120s to 300s; calibration details are summarized on Table 3.3S. By increasing the 

measurement time, the relatively small RMSE values from the calibrations converted to dry-

weight concentrations based on water content suggests Cr, Ni, and Pb can be accurately 

measured with ED-XRF down to the single-digit μg g-1 range in raw samples (Table 3.3S). 

Although we were unable to empirically measure the LOD and LOQ using 300 s measurement 

time, increasing sample analysis time by a factor of 4 should reduce the detection limit by a 

factor of 2. If this relationship holds true for raw vegetable samples, based on the LOD at 120 s 
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(Table 3.3), we expect the LOD for Pb with 300 s measurement time to decrease to near 1 μg g-1 

(wet weight), which would be equivalent to approximately 7 μg g-1 on a dry weight basis.  

The mean water content of 261 vegetable samples used in this study is 87% with a 

standard deviation of 4%, therefore, using the 65% water content calibration would be 

inappropriate to quantify heavy metals in our raw vegetables. However, this work suggests that if 

the water content of food samples is not more than 65% (for example grains or cereals), portable 

ED-XRF spectrometry could detect Pb in raw samples at concentrations as low as 1 μg g-1 dry 

weight (Table 3.3) with 120s count time. Further, this suggests that portable ED-XRF is a viable 

technology for use in element quantification in prepared foods with low water contents.  

3.4 CONCLUSIONS 

This work has shown that by managing matrix effects, XRF can be a useful tool in 

quantification of Pb and other heavy metals in vegetables. In our case, practical limits existed on 

the preparation of samples of sufficient thickness to retain all source and characteristic X-rays. 

Therefore, in addition to measuring samples and reference materials under the same conditions 

(ex. energy, current, filter, count time, atmosphere), the most critical factors we managed in 

developing measurement routines for quantification of heavy metals in plant tissues with WD-

XRF and portable ED-XRF were: 

1. Developing reference materials with commutability to samples and maintaining 

consistency with sample preparation/handling (ex. drying time, milling time, 

sample mass), 

2. Selecting proper wavelengths to eliminate peak overlaps and controlling for 

possible enhancement from within the matrix or from characteristic X-rays 

generated by the shielding/housing,  
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3. Analyzing samples for long enough to maximize accuracy and precision, and  

4. Confirming the viability of new routines to actual samples through paired analysis 

of samples with another quantification technology to provide additional assurance 

in the measurement and calibration routines.  

As we hypothesized, by addressing these critical factors, this study demonstrates that 

WD-XRF and portable ED-XRF can be used to accurately and rapidly quantify heavy metals in 

vegetable samples with limits of detection achieving regulatory thresholds. Although the most 

robust calibration was obtained with WD-XRF, this technology is limited to fixed laboratory-

based instruments. Slight compromise in the precision and accuracy of measurements with 

portable ED-XRF is offset by the portability and ease of use of this technology outside of a 

traditional laboratory setting.  

Quantification of heavy metals in wet coarsely-homogenized raw (undried) vegetable 

tissues was performed; however, RMSE and LODs on a dry-weight basis are strongly influenced 

by measurement time and water content which currently limits this technology. However, the 

technology is very promising for analysis of coarsely homogenized wet (raw) foodstuffs with 

lower water contents, such as grains and legumes and could easily be adopted for prepared foods.  
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Figure 3.1. Calculated XRF measurement depth curve for a pressed pellet consisting of Cellulose 

+ Sugar (C6H10O5C6H12O6).  

 

Note. Element wavelengths of interest are identified for reference. For a given pellet thickness, 

wavelengths to the left of the solid curved black line are considered infinitely thick, while 

wavelengths to the right are not. Pellets used in this study were 1.9 mm thick, which is indicated 

with a horizontal dashed line for reference.  
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Figure 3.2.a. ED-XRF spectrum with the Cu/Ti/Al primary filter of the 10 μg g-1 pressed pellet 

reference material with element wavelengths and Compton/Raleigh peaks identified.  
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Figure 3.2.b. the ED-XRF spectra of at the Pb Lβ1 wavelength for pellet reference materials with 

nominal Pb concentrations of 0 (heavy line), 5, 10, 20, 50, and 100 μg g-1 (successively higher 

peaks).  
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Figure 3.3. Paired confirmation Pb measurements of dried vegetable samples using (a) WD-XRF 

and ICP-MS, (b) ED-XRF (with the Cu/Ti/Al primary filter) and ICP-MS, and (c) ED-XRF (with 

the Ti/Fe/Mo primary filter) and WD-XRF.  

 

Note. The regression equation for each line and the coefficient of determination (r2) are provided.  
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Table 3.1. Goodness of fit parameters for WD-XRF calibrations of pressed pellets for Cr, Ni, Pb, 

and Y.  

  

Calibration 
r2 

RMSE 
(μg g-1) 

Range in Reference 
Materials (μg g-1) 

LOD 
(μg g-1) 

LOQ 
(μg g-1) 

Cr 0.99 1.2 3.1 105 0.6 2.0 

Ni 0.99 0.9 6.6 111 0.4 1.3 

Pb 0.99 0.7 0.1 96 0.3 1.0 

Y 0.99 1.0 0.5 600 0.3 1.0 

 

Note. The Root Mean Square Error (RMSE) of the calibration, range in reference materials, 

Limit of Detection (LOD), and Limit of Quantitation (LOQ) are expressed in μg g-1, dry weight. 

The Kα1 wavelengths were used for each calibration, except for Pb which used the Lβ1 

wavelength.  
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Table 3.2. Goodness of fit parameters for ED-XRF calibrations of pressed pellets with the 

Cu/Ti/Al primary filter.  

  
Peak 

Overlap 
Corrections 

Calibration 
r2 

RMSE 
(μg g-1) 

Range in 
Reference 

Materials (μg g-1) 

LOD 
(μg g-1) 

LOQ  
(μg g-1) 

Cr Fe Kα1 0.99 3.0 3.1 105 2.3 7.5 

Mn none 0.97 7.1 66.2 176 3.7 12.1 

Ni none 0.99 3.7 6.6 111 1.4 4.5 

Cu none 0.99 3.7 27.1 129 1.6 5.3 

Zn none 0.99 4.6 40.6 181 0.2 0.7 

As Pb Lα1 1.00 3.3 0.5 131 0.3 0.9 

Pb none 1.00 0.9 0.1 96 0.3 1.1 

Y  none 0.99 17.8 0.5 600 1.5 4.9 

Cd none 0.94 11.2 0.6 119 0.2 0.6 

 

Note. The Root Mean Square Error (RMSE) of the calibration, range in reference materials, 

Limit of Detection (LOD), and Limit of Quantitation (LOQ) are expressed in μg g-1, dry weight. 

The Kα1 wavelengths were used for each calibration, except for Pb which used the Lβ1 

wavelength. Peak overlap corrections used in refining the calibration routines are summarized.  
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Table 3.3. Goodness of fit parameters for ED-XRF calibrations with the Cu/Ti/Al primary filter 

for plant-based reference materials consisting of 85 percent (%) and 65% water.  

 Calibration 
r2 

Concentration (μg g-1, wet weight) 
Water 

Content 

Concentration  
(μg g-1, dry weight) 

RMSE 
Range in 
Reference 
Materials 

LOD LOQ RMSE LOD LOQ 

Cr 0.70 3 0.3 17 3 11 

85% 

21 23 76 

Ni 0.94 1 0.2 17 4 12 9 23 77 

Pb 0.86 2 0.0 15 2 7 12 13 44 

Y 0.90 10 0.2 96 1 2 66 4 14 

Cr 0.97 2 1 41 4 13 

65% 

7 12 38 

Ni 0.99 1 0.4 42 2 6 3 5 17 

Pb 1.00 1 0.0 36 0.4 1 3 1 4 

Y 0.95 17 0.4 234 4 14 48 12 41 

 

Note. The Root Mean Square Error of the calibration (RMSE), Limit of Detection (LOD), and 

Limit of Quantitation (LOQ) were measured in μg g-1 wet weight with ED-XRF, and these 

values converted to dry weight concentrations based on water content. The Kα1 wavelengths 

were used for each calibration, except for Pb which used the Lβ1 wavelength. 
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Figure 3.1S. Possible secondary or tertiary enhancement due to absorption of characteristic X-

rays in mixtures of (I) Zn, Ni, Fe, Cr; (II) Cu, Co, Mn; and (III) Br, As. 

 

I) Zn-Ni-Fe-Cr. 
Characteristic Zn K1 
X-rays could be 
absorbed by Ni which 
could enhance 
fluorescence of Ni 
K1 X-rays. 
Characteristic Ni K1 
X-rays could be 
absorbed by Fe which 
could enhance 
fluorescence of Fe 
K1 X-rays. 
Characteristic Fe K1 
X-rays could be 
absorbed by Cr which 
could enhance 
fluorescence of Cr 
K1 X-rays.  
 

 

II) Cu-Co-Mn. 
Characteristic Cu 
K1 X-rays could be 
absorbed by Co which 
could enhance 
fluorescence of Co 
K1 X-rays. 
Characteristic Co 
K1 X-rays could be 
absorbed by Mn 
which could enhance 
fluorescence of Mn 
K1 X-rays.  
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III) Br-As-Pb. 
Characteristic Br K1 
X-rays could be 
absorbed by As which 
could enhance 
fluorescence of As 
K1 X-rays. Br is 
present in the matrix 
used in this study. No 
enhancement of Pb 
from Br is expected. 
However, notice the 
overlap of the Pb 
L1X-rays with As 
K1 X-rays; 
therefore, the Pb Lb1 
wavelength is used in 
this study for 
quantification of Pb.  
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Figure 3.2S. Relative percent difference between ED-XRF measurements (with a Cu/Ti/Al 

primary filter) of Pb and known values for four reference materials.  

 

Note. Positive values indicate the expected concentration is greater than the measured 

concentration.  
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Table 3.1S. WD-XRF measurement routine specifications.  

 

  
Line 

Background 
(Kv) 

Line 
(Kv) 

Background 
(Kv) 

Measurement 
Time (Peak) 

Measurement 
Time 

(Background 

Generator 
Voltage 

(Kv) 
Cr Kα1 5.36847 5.415 5.48878 30s 10s 60 

Ni Kα1 7.37114 7.480 7.58034 30s 10s 60 

Pb Lβ1 12.29548 12.614 12.94036 300s 300s 60 

Y Kα1 14.45286 14.958 15.47622 30s 10s 60 

 

  

Tube 
Current 
(mA) 

Sample 
Rotation 
(rev/s) 

Collimator 
Mask 

Collimator 
(dg) 

Analyzer 
Crystal 

Detector 
Peak 

Overlap 
Corrections 

Cr 67 0.5 34mm 0.46 Lif200 Scintillation Counter none 

Ni 67 0.5 34mm 0.46 Lif200 Scintillation Counter none 

Pb 67 0.5 34mm 0.46 Lif200 Scintillation Counter none 

Y 67 0.5 34mm 0.46 Lif200 Scintillation Counter none 
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Table 3.2S. Goodness of fit parameters for ED-XRF calibrations with the Ti/Fe/Mo primary 

filter of pressed pellets.  

  
Peak Overlap 
Corrections 

Calibration 
r2 

RMSE 
(μg g-1) 

Calibration Range 
(μg g-1) 

LOD 
(μg g-1) 

LOQ 
(μg g-1) 

Cr Fe Kα1 0.84 15.6 3.1 105 0.9 3.0 

Mn none 0.88 14.4 66.2 176 5.8 19.0 

Ni none 1.00 1.5 6.6 111 3.3 10.8 

Cu none 0.93 9.9 27.1 129 1.4 4.6 

Zn none 0.96 9.7 40.6 181 1.2 4.0 

As Pb Lα1 1.00 1.5 0.5 131 1.1 3.6 

Pb none 1.00 1.4 0.1 96 0.9 2.9 

Y  none 1.00 0.8 0.0 600 0.1 0.4 

Cd none 0.99 3.9 0.6 119 10.0 32.9 

 

Note. The Root Mean Square Error (RMSE) of the calibration, range in reference materials, 

Limit of Detection (LOD), and Limit of Quantitation (LOQ) are expressed in μg g-1, dry weight. 

The Kα1 wavelengths were used for each calibration, except for Pb which used the Lβ1 

wavelength. Peak overlap corrections used in refining the calibration routines are included. 
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Table 3.3S. Goodness of fit parameters for ED-XRF calibrations with the Cu/Ti/Al primary filter 

for plant-based reference materials consisting of 85 percent (%) with 300 s count time.  

 Calibratio
n r2 

Concentration 
(μg g-1, wet weight) 

Water 
Content 

Concentration  
(μg g-1, dry weight) 

RMSE 
Range in 
Reference 
Materials 

RMSE 

Cr 0.96 1.1 0.3 17 

85% 

7 
Ni 0.99 0.4 0.2 17 2.5 
Pb 0.99 0.2 0.0 15 1.1 
Y 0.99 3.8 0.2 96 25 

 

Note. The Root Mean Square Error (RMSE) of the calibration was measured in μg g-1 (wet 

weight) and these values converted to dry weight based on water content. The Kα1 wavelengths 

were used for each calibration, except for Pb which used the Lβ1 wavelength. 
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4.0 ACCUMULATION OF PB IN 9 COMMON CROPS GROWN IN 

METALS-RICH RESIDENTIAL GARDEN SOILS AND SOIL FROM 

A FORMER METAL FOUNDRY 

4.1 INTRODUCTION 

Growing produce in urban centers is actively encouraged to increase food security and 

strengthen communities (Ghose and Pettygrove 2014; Pettygrove and Ghose 2018). However, 

for community members with limited mobility and/or financial resources, few options exist for 

growing produce other than to use in-place soils at residential properties, which could result in 

produce cultivation in metals-rich soils. A multitude of poor health outcomes in children are 

associated with Pb exposure (Amato et al. 2013; Keller et al. 2017; Lane et al. 2008; Magzamen 

et al. 2015; Sampson and Winter 2018; Schnur and John 2014), and although much progress has 

been made since the 1970s in reducing blood Pb in children (Dignam et al. 2019), Pb exposure 

continues to be a critical environmental justice issue in minority/low-income neighborhoods 

(Whitehead and Buchanan 2019). 

Blood lead concentrations in children have been shown to be strongly associated with the 

concentration of Pb in soil (Laidlaw et al. 2016; Zahran et al. 2015) and the presumption is that 

ingestion of soil+dust is the most significant exposure route in children. The concentration of Pb 

in urban soils is known to be highly variable (Clark et al. 2006, 2008; Defoe et al. 2014; Finster 

et al. 2004; Huang et al. 2012; McBride et al. 2014; Perroy et al. 2014; Sharma et al. 2015) and 

the sources of Pb in urban soils represent a broad continuum of historic land uses/spills/releases. 

Several studies have broadly attributed the primary sources of Pb in urban soils to weathering 

paint (Clark et al. 2006, 2008; Laidlaw et al. 2018); transportation (Clark et al. 2006); 

stormwater or river water used for irrigation (Ratul et al. 2018; Tom et al. 2014); soil 
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amendments (Murray et al. 2011b); or anthropogenic fill, such as foundry sand and industrial 

waste/debris. More localized spills/releases associated with industry/mining (Augustsson et al. 

2015; Mombo et al. 2016; Pizarro et al. 2016; Yuan et al. 2019) and the use of 

fertilizers/pesticides (Reboredo et al. 2019) are also acknowledged inputs of Pb to agricultural 

soils. 

 In the context of urban agriculture, the mobility, toxicity, and bioavailability of Pb in soil 

(especially anthrosols) is a function of the solubility of the Pb source and the availability of the 

Pb+2 cation (or very rarely as Pb4(OH4)+4 ), which is strongly regulated in soil by pH, cation 

exchange capacity, and the presence of organic and nonorganic ligands. Common crops grown in 

metals-rich soils have the potential to accumulate Pb in consumable tissues (Clark et al. 2006; 

Ferri et al. 2015; Finster et al. 2004; Jolly et al. 2013; Lima et al. 2009a; Nabulo et al. 2011; 

Rodriguez-Iruretagoiena et al. 2015; Sekara et al. 2005; Yousaf et al. 2016). Accumulation of Pb 

in consumable produce is strongly associated with crop type, with more commonly studied 

modified taproot crops (e.g. carrots) tending to accumulate more Pb than fruit crops (e.g. 

tomatoes, beans); however, very little is known about the potential for Pb accumulation in 

beetroots and in potatoes grown in metals-rich soils. In addition, although parents are encouraged 

to feed children brightly colored produce, little is known about the role pigments may play in 

accumulating Pb in select root crop cultivars. Several best management practices have been 

recommended to reduce the potential for Pb exposure (Abdel-Rahman et al. 2018; Brown et al. 

2016; Mombo et al. 2016); however, as the risk for Pb exposure cannot be eliminated, continued 

evaluation of best management practices in the context of home-grown produce grown in 

residential soils is warranted. Therefore, a study growing a wide variety of produce in soils 
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collected from urban sources, including existing residential vegetable gardens, is warranted so 

that a more realistic evaluation of exposure risk can be completed.  

Estimates suggest that consumption of vegetables is a secondary, less critical exposure 

route (Augustsson et al. 2015; Brown et al. 2016; Chopra and Pathak 2015; Ferri et al. 2015; 

Jolly et al. 2013). However, much of the prior work did not evaluate the accumulation of Pb in 

produce grown in soils with Pb concentrations representative of soil from older neighborhoods 

(Attanayake et al. 2015; Entwistle et al. 2019; Mombo et al. 2016; Yousaf et al. 2016). Of work 

evaluating Pb accumulation in produce grown in soils close to the range of Pb found in urban 

soils, the sample sizes and diversity of produce was limited (Finster et al. 2004) or the source of 

Pb was associated with an acidic spill (Lima et al. 2009b) or discharge from mining (Augustsson 

et al. 2015). 

Recent work summarizing the literature has pointed out the importance of food as an 

exposure route (Rai et al. 2019). Although commercial foods in the United States are generally 

considered safe, work has identified Pb in commercially-sourced spices, ethnic foods, folk 

medicines, and other foods (Dignam et al. 2019; Hore et al. 2019). Further, the United States 

Food and Drug Administration (USFDA) recently establishing an Interim Reference Level (IRL) 

for Pb for children aimed at achieving the Center for Disease Control’s blood lead reference 

value of 5 μg dL-1 (USFDA 2019) and for adults; therefore, further evaluation of potential Pb 

exposure from consumption of home-grown produce is desperately warranted. Additionally, 

previous studies that used X-Ray fluorescence (XRF) spectroscopy to measure Pb in produce 

failed to reach limits of detection less than 1 μg g-1 due to several key factors (Marguí et al. 

2009; Palmer et al. 2009; Singh et al. 2017). This study seeks to address inconsistencies in using 
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XRF for quantification of Pb in produce and demonstrate the usefulness of this analytical 

technique in evaluating the risk for Pb exposure though ingestion of produce.  

This study addresses these limitations by: (1) using newly-developed XRF sample 

preparation techniques and quantification routines to measure Pb in a variety of common crops 

grown in a range of Pb-rich residential and former industrial urban soils, (2) evaluating factors 

predicting the accumulation of Pb in consumable crop tissues, and (3) assessing the potential Pb 

exposure to a child through consumption of produce grown in metals-rich soil in the context of 

other exposure vectors. 

4.2 METHODS 

Identification of Project Area. Minority (non-white) children less than 3 years of age, 

living in older homes, from low-income families, are at the greatest risk for Pb poisoning (Amato 

et al. 2013; City of Milwaukee 2017). The Pb poisoning rate of children in the City of 

Milwaukee, and in particular those living in Census Tract 90, is nearly ten-times the rate of the 

United States (Table 4.1). Demographics from Census Tract 90 characterize the target area as a 

high-density, low-income, minority, environmental justice community, which is supported by a 

recent study of the overall area by Pettygrove and Ghose (2018). Therefore, using soils from 

vegetable gardens collected from occupied residential properties in Census Tract 90 is 

considered a practical way to evaluate the risk for Pb exposure through consumption of produce 

grown at residential properties. As estimated by Dignam et al. (2019), upwards of 23 million 

homes in the US are estimated to pose a risk for Pb exposure due to Pb-bearing paint; therefore, 

the applicability of the results of this study extend far beyond the project area.  

Acquisition of Metals-Rich Soil. Soil samples were collected from 14 owner-occupied 

properties in Census Tract 90 with active vegetable gardens. The concentrations of heavy metals 
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in these soil samples were determined for screening purposes using WD-XRF using procedures 

and custom calibrations as described in Byers et al. (2016). Owners of two of the properties were 

willing to donate their garden soil to this study. The garden at Residence 1 was located adjacent 

to a painted garage constructed prior to 1978 and visible white paint chips were present in the 

garden soil. The total Pb in soil from Residence 1 ranged from 1,300 to 13,400 μg g-1, with a 

mean of 5,950 ± 4,922 μg g-1. The garden at Residence 2 was located adjacent to a retaining wall 

and a painted wood deck constructed prior to 1978 and visible brown paint chips were present in 

the garden soil. The total Pb in soil from Residence 2 ranged from 1,800 to 6,300 μg g-1, with a 

mean of 5,017 ± 1,608 μg g-1. Although the concentrations of Pb in the two garden soils are 

significantly greater than health-based direct contact soil standards set by the Wisconsin 

Department of Natural Resources (WDNR, the state environmental regulatory agency), the 

concentrations are considered representative of the variability of Pb in soils in cultivated 

vegetable gardens located at residential properties under similar circumstances and are within 

ranges of Pb concentrations in urban soils identified by others (e.g. Augustsson et al. 2015; 

Finster et al. 2004; Obrycki et al. 2017) and similar to previous soil studies in Milwaukee 

(Brinkmann 1994). Soil from each vegetable garden was dug by hand using a stainless-steel 

shovel, transported to the University of Wisconsin – Milwaukee (UWM) greenhouse, and placed 

into lined 5-gallon plastic horticulture pots.  

To evaluate a possible exposure scenario under “guerilla gardening” practices, soil was 

collected from an abandoned former metal foundry undergoing cleanup/remediation, transported, 

and placed in lined horticulture pots at the UWM greenhouse. The total Pb in soil from the 

Former Foundry ranged from 724 to 2,900 μg g-1, with a mean of 1,825 ± 556 μg g-1.  
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A common best management practice to increase the safety of urban agriculture is to 

replace urban soil with commercial topsoil. To simulate this practice, bags of Scotts® Premium 

Topsoil (The Scotts Company LLC; Marysville, Ohio) were purchased, and placed in lined 

horticulture pots at the UWM greenhouse. The total Pb concentration in commercial topsoil 

ranged from 4 to 5 μg g-1, with a mean of 4.5 ± 0.4 μg g-1. 

Cultivation of Produce. Produce was selected for this study to represent a variety of 

consumable tissue types common in urban gardens. Cultivars were selected to represent a variety 

of pigments. Produce grown in this study includes the following: carrot (Daucus carota subsp. 

sativus var. 'Scarlet Nantes'); beetroot (Beta vulgaris L. var. 'Detroit'; var. ‘Chioggia’; and var. 

‘Albino’); turnip (Brassica rapa var. 'Purple Top White Globe’); radish (Raphanus sativus var. 

'Champion'); potato (Solanum tuberosum L. var. ‘Yukon Gold’); tomato (Solanum lycopersicum 

L.var. ‘Better Boy’); sweet pepper (Capsicum annuum L. var. 'Sweet Banana'). Vegetable seeds 

packaged by W. Atlee Burpee & Co. (Warminster, PA), seedlings (tomato and sweet pepper), 

and seed potatoes were purchased from a big-box home-improvement retailer located in the City 

of Milwaukee, Wisconsin. Seeds of heirloom beetroot cultivars (var. ‘Bulls Blood’ and var. 

‘Albino’) and carrot cultivars (var. ‘Pusa Asita Black’ and var. ‘Lunar White’) were purchased 

from Baker Creek Heirloom Seeds (Mansfield, MO). Common produce names will be used, 

except for denoting cultivars. Beetroots will be referred to by their cultivar variety name. Carrots 

will be referred to by color whereby var. Scarlet Nantes will be referred to as “orange,” var. 

Lunar White will be referred to as “white” and var. Pusa Asita Black will be referred to as 

“purple.” 

Seeds and seed potatoes were sowed directly in the pots of soil and tomato and pepper 

seedlings were transplanted in pots of soil at the UWM greenhouse. Plants were grown to 
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maturity in a dedicated area outside of the UWM greenhouse to represent atmospheric stress 

normally experienced by produce grown in backyard gardens. Each pot was mulched with a 

commercial blend of shredded hardwood mulch to control dust. Plants were watered as necessary 

during the growing season and fertilized with Miracle-Gro® Water Soluble All Purpose Plant 

Food Topsoil (The Scotts Company LLC; Marysville, Ohio) at approximately 15 d and 45 d after 

seed germination per manufacturer recommendations as would be expected in backyard gardens.  

Acquisition of Commercial Produce. The most common alternative to urban produce 

cultivation is to purchase produce from a commercial grocer; therefore, the concentration of Pb 

in purchased produce will serve as the control for this study. Produce grown in this study was 

purchased from local grocery stores periodically during the study and processed and analyzed 

identical to sample tissues. Although data for all crops grown in this study are not available, Pb 

concentrations in raw produce reported in the United States Food and Drug Administration Total 

Diet Study (USFDA TDS) serves as an additional control for this study (USFDA 2018).  

Preparation of Produce Samples. At maturity, produce was harvested and processed 

according to tissue using methods common in a residential kitchen, as described by Attanayake 

et al. (2014, 2015). Leaves, stems, and fruits were cut from the plant with scissors, rinsed in fast 

running tap water, scrubbed by hand, chopped, and placed in labeled Ziploc bags for 

freezing/storage. Belowground tissues of beetroots, carrots, radishes, turnips, and potatoes were 

pulled from the pots, scrubbed with plastic scrub brush under fast running tap water, peeled, 

washed a second time to remove latent dust, chopped, and placed in in labeled Ziploc bags for 

freezing/storage. Skins were chopped and placed in labeled Ziploc bags for freezing/storage; 

however, due to the quantity of material needed for quantification with WD-XRF, skins were 

often composited within soil group for analysis.  
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Quantification of Heavy Metals in Produce with WD-XRF. Heavy metals were 

quantified as described in Byers et al. (2019). In short, plant tissues were dried at 60 oC for 48 h, 

milled in a tungsten carbide shatterbox for 30 s, and 3.20 g of powdered sample was pressed at 

25-T for 60s in a 40 mm diameter hydraulic die press to create a pressed pellet 1.9 mm thick. 

The intensities of characteristic secondary X-rays were measured with WD-XRF and 

concentrations determined using custom measurement and calibration routines described in 

Byers et al. (2019). Concentrations of heavy metals in produce discussed in this study are 

expressed as dry-weight (dw), except where explicitly noted. The limits of detection for Pb, Cr, 

and Ni were 0.3, 0.6, and 0.4 μg g-1 (dw), respectively.  

Characterization of Soil Chemistry. The characterization of soil chemistry and fertility 

of soils used in this study included determining the bioavailable (plant-available) concentrations 

of Pb, Ca, Cu, Fe, K, Mn, Na, Ni, P, S, and Zn in soil following digestion/extraction using the 

Mehlich-3 method (Mehlich 1984); soil pH, and the Cation Exchange Capacity (CEC). Soil 

analytical work was completed by the University of Georgia Soil, Plant and Water Laboratory 

(Athens, GA).  

A representative sample of each soil was analyzed using X-Ray Diffraction (XRD) to 

determine primary mineralogy of the soils. Samples were prepared and analyzed using 

procedures and equipment described by McHenry (2009). In summary, samples were dried, 

powdered in a tungsten-carbide mill, and analyzed with a Bruker D8 Focus X-Ray 

Diffractometer.  

Statistical Analysis – Urban Soil Quality. Analysis of Variance models for soil CEC 

and soil bioavailable Pb, Cd, Cr, Mg, and Zn were developed in SAS (SAS Institute; Cary, NC) 

to determine if significant differences exist between the mean values of each parameter between 
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the soils used in this study. A post-hoc Tukey analysis was completed to determine which 

corresponding mean values are significantly different from each other.  

Statistical Analysis – Consumable Produce. A general linear model (GLM) was 

developed in SAS (SAS Institute; Cary, NC) to predict the concentration of Pb in produce based 

on categorical (crop tissue and soil origin) and continuous (soil bioavailable Pb, Cd, Cr, Mg, and 

Zn and soil CEC) predictors. A description of the model is provided in Appendix A of this 

Dissertation. The model was refined to eliminate predictors with potential multicollinearity and 

an evaluation completed to confirm remaining predictors did not mediate the influence of 

bioavailable Pb in soil on the concentration of Pb in produce. The model includes the interaction 

between bioavailable Pb in the soil and crop tissue; therefore, to give meaning to the parameter 

estimate slopes, the bioavailable Pb in soil was mean-centered.  

Human Health Risk Evaluation. In late September 2018, the USFDA established an 

IRL for the quantity of Pb considered safe for a child or an adult to consume daily in food 

(USFDA 2019). However, the IRL is not based on concentration of Pb in produce; therefore, 

using the IRL as a surrogate for an oral reference dose, the maximum daily ingestion rate (IRfood) 

in grams of food per day on a dry-weight basis that could be consumed by children and adults so 

as not to exceed a Target Health Quotient (THQ) can be described by:  

𝐼𝑅௙௢௢ௗ ൌ
்ுொ ∗ூோ௅

஼೑೚೚೏
   Equation 1 

The maximum daily ingestion rate (g d-1, dw) for children and adults for each crop grown 

in this study in soil from Residence 1 was calculated based on a THQ = 1; the mean 

concentration of Pb (μg g-1 dry weight) in each consumable produce (Cfood); and the USFDA Pb 

IRL for children and adults (3 and 12.5 μg d-1, respectively). For ease of comparison, cultivars 

were lumped together based on the produce type.  
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In the context of daily Pb ingestion, Equation 1 only considers ingestion of food. The 

total daily Pb body burden (BPb) in children is the sum of Pb ingested from food, water, and 

soil+dust as follows: 

𝐵௉௕  ൌ  ሺ𝐶௙௢௢ௗ ∗  𝐼𝑅௙௢௢ௗሻ  ൅  ሺ𝐶௪௔௧௘௥ ∗  𝐼𝑅௪௔௧௘௥ሻ  ൅  ሺ𝐶௦௢௜௟ାௗ௨௦௧ ∗  𝐼𝑅௦௢௜௟ାௗ௨௦௧ሻ Equation 2 

The total daily Pb body burden was calculated for 10 exposure scenarios likely to be 

encountered by children by varying the concentration of Pb in each of the three terms on the 

right side of equation 2 (Table 4.4). The concentration of Pb in food (Cfood) was represented by 

the Pb concentrations in produce, and includes the mean Pb in raw produce from the FDA TDS 

(USFDA 2018), the mean Pb in produce grown in Commercial Topsoil, the mean Pb in produce 

grown in soil from Residence 1, the mean Pb in taproots of root crops grown in soil from 

Residence 1, the mean Pb in leaves of root crops grown in soil from Residence 1, and the mean 

Pb in non-root crops grown in soil from Residence 1. The concentration of Pb in water (Cwater) 

was represented by the mean Pb in household tap water samples collected in the City of 

Milwaukee (Milwaukee Water Works 2017), the United States Environmental Protection 

Agency (USEPA) Action Level for Pb in drinking water (USEPA 2019), or the concentration of 

Pb in drinking water in Flint, Michigan (Pieper et al. 2018). The concentration of Pb in soil+dust 

(Csoil+dust) was represented by the mean Pb in Commercial Topsoil, mean Pb in soil from 

Residence 1, or the WDNR Residual Contaminant Level for Direct Contact at residential 

properties (WDNR 2018), which is also equal to the USEPA regional screening level for direct 

contact at residential properties (USEPA 2019b). The ingestion rate for food (IRfood) assumes a 

child eats the recommended 2 cups of produce (wet weight) per day. The mass is converted to 

dry weight for use in Equation 3 assuming 85% water. The ingestion rate for water and soil+dust 

is calculated per Moya et al. (2011).  
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4.3 RESULTS 

Urban Soil Quality. Bioavailable Pb, Cd, Cr, Zn, and Mg in soil and the CEC in soil 

contribute significantly to the prediction of Pb in produce and will be discussed. The quality of 

urban soils in this study is reflective of the soil origin and sources of heavy metals released to 

soils. The mean bioavailable Pb concentrations in soil from Residence 1, Residence 2, the 

Former Foundry, and in the Commercial Topsoil are 394 ± 125, 564 ± 169, 121 ± 74, and 6 ± 12 

μg g-1, respectively, which are all significantly different from each other (p<0.001; Figure 4.1). 

Although the data set is limited (n=14), the bioavailable concentration of Pb represented between 

3% and 36% of the total Pb in metals-rich soil from the two residential properties and the Former 

Foundry. The mean CEC in the two residential soils are not significantly different from each 

other (Figure 4.1); however, the mean CEC in the Commercial Topsoil of 55 ± 5 meq 100g-1 is 

significantly greater than the Former Foundry and the two residential soils (p < 0.001). The mean 

bioavailable concentrations of Cd, Cr, and Zn in soil from the Former Foundry are each 

significantly greater compared to the other three soils, which is not surprising considering the 

soil source (Figure 4.1S). The mean bioavailable concentration of Mg in the Commercial Topsoil 

is 2184 ± 229 μg g-1, which is significantly (p < 0.001) greater than the mean Mg concentrations 

in soil from the two residences and the Former Foundry.  

The means of soil pH ranged from 7.73 to 7.43. Additional soil quality parameters are 

summarized on Table 4.1S. No crystalline Pb-bearing phases were identified in XRD patterns, 

though this technique (as applied in this study) is only capable of identifying phases at the 

percent level or higher. The XRD patterns confirm the presence of quartz in soil from the Former 

Foundry and confirms the presence of quartz and/or dolomite in residential soils and the 

Commercial Topsoil (Figures 4.2Sa-4.2Sd).  
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Concentrations of Pb in Produce. The mean concentration of Pb accumulated in 

aboveground tissues is less than the mean concentration of Pb in below ground taproot crops 

grown in metals-rich soils (Figure 2), with the largest Pb concentration noted in peeled carrots 

(15.2 ± 14.2 μg g-1). Although grown belowground, the smallest mean concentration of Pb in 

produce was noted in peeled potatoes (0.7 ± 1.1 μg g-1).  

Pb was detected in nearly every crop tissue grown in metals-rich soils collected from 

Residence 1, Residence 2, and the Former Foundry, with the overall greatest mean 

concentrations noted in produce grown in residential garden soils (Table 4.2). Conversely, Pb 

was rarely detected in crop tissues grown in Commercial Topsoil, and when detected, the 

concentration of Pb was just slightly greater than the WD-XRF limit of detection (0.3 μg g-1). 

Radishes accumulated the greatest amount of Pb in consumable tissues, especially in 

residential soils, followed by carrots, turnips, and beetroots (Table 4.2). Fruits accumulated the 

least amount of Pb, and although potatoes are found belowground, they accumulated 

significantly less Pb than other belowground tissues. Between the carrot cultivars, white carrots 

accumulated more Pb compared to pigment-rich orange and purple cultivars. The mean 

concentrations of Pb in beetroot bulbs did not vary greatly, though the concentrations of Pb 

tended to follow the opposite trend noted in carrots, with the greatest amount of Pb accumulating 

in pigment-rich beetroots (Table 4.2).  

The mean concentration of Pb in carrot skins was less than the Pb concentration in the 

corresponding consumable root, and in addition, the accumulation of Pb in carrot skins is not 

cultivar-specific (Table 4.2S). The mean Pb concentration in carrot leaves was greatest in the 

orange cultivar compared to the purple or white cultivar, with the greatest accumulation of Pb in 

carrot leaves grown in the two residential soils.  
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The concentrations of Pb in produce purchased from local grocery stores (n=19) were all 

less than the WD-XRF limit of detection (0.3 μg g-1), except for one turnip bulb purchased from 

one grocery store with a measured Pb concentration of 0.6 μg g-1. The wet weight concentration 

of Pb in raw produce from the USFDA TDS is 5.5 ± 2.6 μg kg-1, (n=472; Figure 4.3S), which is 

less than the concentrations of Pb in similar vegetables purchased from markets and 

characterized by Hadayat et al. (2018).  

The continuous (soil bioavailable Pb, Cd, Cr, Mg, and Zn and soil CEC) and categorical 

(crop tissue and soil origin) predictors in the GLM predicts 65% of the variability of Pb in 

consumable plant tissues in vegetables grown in evaluated soils (F=7.99, DF=39,166, p< 0.001). 

After controlling for these predictors, adding the interaction between bioavailable Pb in soil and 

crop tissue increases the predictability of Pb in consumable tissues (t=4.20, DF=166; p<0.001).  

Cd and Ni accumulated in consumable produce tissues; however, the mean 

concentrations of these metals were significantly less than Pb (Table 4.3S and Table 4.4S). 

Additional accumulation data is provided in Appendix B, Appendix C, and Appendix D of this 

Dissertation. The raw data for this study is provided in Appendix E. 

Evaluation of Risk Due to Consumption of Produce. The acceptable dry weight mass 

of produce grown in soil from Residence 1 that could be consumed by a child such that the 

USFDA IRL is not exceeded ranges from 0.1 g d-1 of radishes to 3.0 g d-1 of potatoes (Figure 

4.3). Similarly, in adults, the maximum dry weight mass of produce grown in this study in soil 

from Residence 1 that could be consumed per day on a dry weight ranges from 0.4 g-1 of radishes 

to 12.5 g-1 of potatoes.  

However, the total daily ingestion of Pb by a child depends on the concentrations of Pb 

ingested through a summation of water, food, and soil+dust (Equation 2). The total daily 
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ingestion of Pb by children was further evaluated by modeling the total daily intake of Pb under 

10 plausible scenarios. Model scenarios are explained in Table 4.3 and model factors further 

explained on Figures 4.3S, S4, and S5 and Tables 4.5S and 4.6S. Scenario 1 and 2 represent a 

child consuming commercial produce, drinking tap water in the City of Milwaukee, and living in 

an area with minimum Pb in soil (Scenario 1) or Pb-rich soil (Scenario 2). Scenario 3 and 4 

represent cases where a child lives in an area with Pb-rich residential soil, drinks tap water in the 

City of Milwaukee, and eats produce grown in commercial topsoil (Scenario 3) or metals-rich 

residential soil (Scenario 4). Scenarios 5, 6, and 7 compare the differences in exposure to a child 

from Scenario 4 who is eating different produce types grown in Pb-rich residential soil. 

Scenarios 8, 9, and 10 represent cases where a child drinks water with varying Pb concentrations, 

eats produce grown in commercial topsoil, and lives in an area where the Pb concentration is not 

considered by USEPA or the state regulatory agency to pose a threat to human health. The total 

Pb intake for each scenario varied between 3 μg d-1 and 1,100 mg d-1 (Figure 4.4). In the control 

(Scenario 1), food contributed 60% and water contributed 40% to the daily Pb ingestion (Figure 

4.5). Water consistently contributes the least amount of Pb ingested per day, contributing <1% or 

less to the daily Pb load, except in the control (Scenario 1) and in two scenarios with 

significantly compromised water quality (Scenario 9 and Scenario 10), and even then, water 

contributes <15% of the total Pb ingestion load (Figure 4.5).  

4.4 DISCUSSION 

This study validates that custom WD-XRF routines controlling for matrix effects can be 

created to quantify Pb in prepared produce at concentrations as low as 0.3 μg g-1 (dw), with 

slightly higher limits of detection for Ni and Cr. Significant variation is present in the quality of 

urban soils and in the corresponding concentration of Pb accumulated in consumable crop 



  

112 
 

tissues. The accumulation of Pb in produce is related not only to the bioavailability of Pb in soil, 

but also to crop type. Replacement of metals-rich urban soils with commercial topsoil of better 

quality or growing non-root crops in metals rich soil are acceptable as best management practices 

to reduce the risk of Pb exposure. Children consuming vegetables grown in metals-rich urban 

soil and in replacement topsoil could be at increased risk for Pb exposure; however, the risk of 

Pb exposure from consuming commercial produce from a grocery store cannot be ignored.  

Quantification of Pb in Prepared Produce. The accumulation of Pb in produce has 

been previously documented; however, by controlling for matrix effects and controlling 

significant potential sources of bias in quantification of Pb with WD-XRF, this study shows that 

the analytical tool can detect Pb in prepared produce samples as low as 0.3 μg g-1 and can 

quantify Pb in prepared samples as low as 1 μg g-1. Central to the quantification routine was the 

development of custom reference materials with commutability to produce; selecting secondary 

characteristic X-rays to eliminate peak overlaps and possible bias from spectrometer 

shielding/housing; and confirming the viability of the measurement routine (Byers et al. 2019).  

Urban Soil Quality. The concentrations of bioavailable Pb in the four soils are reflective 

of soil origins and anthropogenic inputs. Numerous studies have suggested a primary source of 

Pb in soil is weathering paint (e.g. Clark et al. 2006, 2008; Laidlaw et al. 2018). Pb paint 

primarily enters the soil system through weathering (e.g. chipping, peeling) or by mechanical 

disturbance. The Manufacture’s House Paint Reference Collection database (Hall and 

Tinklenberg 2003) indicates Pb in historic house paint is primarily Pb-carbonate (~61% by 

weight) and pigments used in Pb paint are Pb-sulfate (PbOPbSO4), leaded-zinc oxide 

(ZnO+Pb)PbSO4), leaded titanite (PbTiO3), and Phoenicochroite (Pb2O(CrO4)). Paint chips were 

visually apparent in soil from Residence 1 and Residence 2. The bivariate relationship between 
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bioavailable Pb and bioavailable concentrations of common Pb-ligand associated elements in 

residential soils was the strongest with Cr (r2=0.64).  

The Pb source in soil from the Former Foundry is not visually apparent and the XRD 

diffraction pattern suggests the predominant minerology of the soil is quartz. The bioavailable 

concentrations of heavy metals associated with metal works (Cd, Cr, Cu, Fe, Ni, and Zn) are all 

significantly greater (p < 0.001) in soil from the Former Foundry compared to the soil from the 

residential properties. These results indicate the soils collected from the Former Foundry were 

involved in industrial processes and support the XRD data suggesting the soil contains mostly 

foundry sand. The pH of the Former Foundry soil (7.43 ± 0.2; Table 4.1S) does not suggest the 

Pb is associated with a spill of metals-rich acidic solution. 

Additional sources of Pb in urban residential soils are associated with transportation (e.g. 

weathering tires and worn engine components and historic uses of Pb to enhance the octane of 

gasoline (Clark et al. 2006); leaching from weathered plastics; use of Pb-rich urban stormwater 

for irrigation purposes (Tom et al. 2014) or urban runoff; use of municipal compost as a soil 

amendment (Murray et al. 2011a); historic use of Pb-bearing herbicides (Yokel and Delistraty 

2003); and anthropogenic fill) cannot be eliminated, but are considered minor compared to the 

presumed sources. 

 The CEC is a common soil fertility parameter used to describe the amount of 

exchangeable cation sites in soil. The mean CEC values are not significantly different between 

the two residential soils; however, the mean CEC of the Topsoil is significantly greater than the 

CEC of the residential soils and soil from the Former Foundry. Soils with a greater CEC have an 

increased capacity to retain and exchange cations in soil solution, and in the context of urban 

agriculture, CEC sites have the potential to retain Pb and prevent uptake into plant roots.  
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Accumulation and Distribution of Pb in Produce.The accumulation of Pb in produce 

varies widely in the literature and the most likely explanation for the large variability is the 

heterogenous and anisotropic nature of soil quality. The concentrations of Pb accumulated in 

produce in this study is within the ranges previously documented for target crops. The mean 

concentrations of Pb in carrots grown in this study range from less than 0.3 μg g-1 to 20 μg g-1, 

which is within ranges of Pb concentrations in carrots noted by others (Antoniadis et al. 2017; 

Attanayake et al. 2014; Ding et al. 2015; Finster et al. 2004; Jolly et al. 2013; Lima et al. 2009b; 

Murray et al. 2011a; Zwolak et al. 2019). Previous accumulation studies involving beetroot are 

limited; however, Chopra and Pathak (2015) noted the mean Pb concentration in beetroot grown 

in fields irrigated with wastewater was 50 μg g-1 and Lima et al. (2009b) noted the mean 

concentration of Pb in beetroot grown in soil contaminated with battery residues was 108 μg g-1. 

Accumulation of Pb in radishes in the literature ranges from less than 1 μg g-1 upwards to 154 μg 

g-1 (Anjos et al. 2002; Jolly et al. 2013). Concentrations of Pb in non-root crops (tomatoes and 

potatoes) are significantly less than concentrations found in root crops which agrees with the 

previous literature (e.g. Attanayake et al. 2014; Augustsson et al. 2015; Finster et al. 2004; Jolly 

et al. 2013; McBride et al. 2014; Rodriguez-Iruretagoiena et al. 2015; Zwolak et al. 2019). 

The trend in accumulation of Pb in produce follows a recognizable pattern, with the 

greatest Pb accumulation in modified taproot tissues and decreasing Pb concentrations in tissues 

associated with aboveground biomass, similar to observation made by Finster et al. (2004). The 

primary entryway of Pb+2 into the plant root is through bulk water flow by the apoplast pathway 

(Bovenkamp et al. 2013; Sancho et al. 2005) through a root hair. The general consensus in the 

literature is that Pb predominantly moves into and through the root cortex in the apoplast 

pathway by root pressure and bulk flow of water through transpiration from aboveground 



  

115 
 

biomass (Bhargava et al. 2012; Bovenkamp et al. 2013). As Pb has no known biological 

function, the working assumption is that Pb enters the symplast pathway through a protein 

designed for another divalent cation such as ATP-ase proteins AtHMA2 and AtHMA4, which 

are associated with the transport of Cd and Zn (Verret et al. 2004). During transport in the 

apoplast pathway, Pb could enter the symplast pathway through a membrane protein or could 

continue in the apoplast pathway towards the stele until the Casparian strip, at which point Pb 

must enter the symplast pathway. The Casparian strip is described in the literature as a “poorly 

ion‐permeable secondary thickening in the cell” (Tester and Leigh 2001) that serves as “a partial 

barrier” (Peralta-Videa et al. 2009; Sharma et al. 2015) for “Pb movement into the central 

cylinder tissue” (Peralta-Videa et al. 2009). Scanning electron microscopy images have shown 

that the Casparian strip plays a significant role in restricting transport of Pb into the stele 

(Meyers et al. 2008; Pierart et al. 2018). By restricting Pb transport into the xylem, the Casparian 

strip effectively concentrates Pb in the root cortex, possibly as insoluble precipitates. Therefore, 

vegetables with modified taproots (e.g. radish, turnip, beetroot, carrot) accumulated more Pb 

compared to their corresponding aboveground tissues.  

Although grown underground, a potato tuber forms on the tip of a stolon, which is 

morphologically a modified stem (Struik 2007). Although more work on this is needed, Pb 

accumulating in a potato tuber likely passes into and through the plant root, crosses the 

Casparian strip, enters the phloem, and then must be transported through the vascular plant tissue 

to the tuber. Several defense/sequestration methods are known to be used by plants in to restrict 

the transport of metals through the apoplast pathway [e.g. binding with pectin or hemicellulose 

(KrzesВowska et al. 2013; Ovečka and Takáč 2014) or cysteine-rich proteins in cell walls (Jiang 

and Liu 2010) or by forming precipitates with carbonate, sulfate, or phosphate (Edelstein and 
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Ben-Hur 2018; Jiang and Liu 2010; Meyers et al. 2008; Peralta-Videa et al. 2009)] or through the 

symplast pathway [e.g. sequestration in the cytoplasm by thiol-rich peptides for transport, 

storage, and precipitation as phosphohedyphane (Pb3Ca2(PO4)3Cl) or chlorophyromorphile 

(Pb5(PO4)3Cl) in a vacuole (Cobbett 2000; Jiang and Liu 2010; Meyers et al. 2009; Ovečka and 

Takáč 2014; Peralta-Videa et al. 2009)]. Heavy metals in the symplast pathway can continue to 

be transported until the pericycle at which point they could be loaded into the xylem for transport 

to aboveground tissues. Xylem loading serves as an additional restriction on the transport of Pb 

into aboveground tissues. If loaded in the Xylem, Pb could move via xylem sap associated with a 

ligand similar to acetate, nitrate, and sulfide (Peralta-Videa et al. 2009) and distributed to 

aboveground tissues. In addition, further sequestration of Pb in the chloroplast is also known to 

occur (Sharma and Dubey 2005) and certain plant genera may use trichomes as preferential 

storage areas for Pb (Clemens et al. 2002). One final defense mechanism to alleviate Pb by plants 

is sequestering heavy metals in leaf tissues that are then eliminated from the plant through 

senescence (Sharma and Dubey 2005). Because of the multitude of defense mechanisms used by 

plants to prevent accumulation of Pb, the concentration of the Pb in potato tubers is significantly 

less than concentrations in modified taproots. This data supports prior work suggesting limited 

mobility of Pb in the phloem (Peralta-Videa et al. 2009; Sharma and Dubey 2005) although 

fibrous roots can form on stolons and sometimes on tubers of potatoes (Struik 2007). These roots 

are thought to be critical in nutrient transport during the later stages of tuber growth; therefore, if 

these roots are in contact with metals-rich soil solution, accumulation of Pb in potatoes could 

occur later in tuber growth.  
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As suggested by others in the literature, tomatoes and peppers can accumulate Pb in the 

consumable fruits; however, the concentrations are much less compared to modified taproot 

vegetables grown in this study.  

The difference in the accumulation of Pb across morphologically different tissues 

suggests selection of crop type is critical in minimizing Pb exposure in consuming urban-grown 

produce. However, little is known about the difference in Pb accumulation in different root crop 

cultivars. Toxicity in plants due to Pb uptake comes in the form of oxidative stress. by formation 

of H2O2. To alleviate stress from Pb exposure, plants upregulate approximately 20 classes of 

functional genes; the primary genes upregulated are involved in antioxidant defense (e.g. 

upregulation of superoxide dismutase, peroxidase, and gluthione reductase; Ovečka and Takáč, 

2014). In addition, Plants increase carotenoid and anthocyanin pigments to scavenge reactive 

oxygen species and mitigate stress in leaf tissues (Kumar et al. 2012). Betalains are nitrogen-

based pigments uniquely present in the beetroot family and have been shown to be positively 

correlated with Pb accumulation in beetroots (Száková et al. 2010). Use of pigments to alleviate 

stress suggests that root crop cultivars rich in these compounds grown in metals rich soil could 

tolerate more Pb and therefore accumulate more Pb in tissues compared to corresponding white 

(albino) cultivars. However, across metals-rich soils, white carrots grown in this study 

accumulated more Pb in peeled root tissues compared to purple or orange cultivars. The apparent 

sequestration of Pb in the root of white carrots may explain why the concentrations of Pb in 

aboveground tissues of white carrots were smaller compared to purple or orange cultivars. It is 

important to note that the abundance of anthocyanins in purple carrots does not decrease the 

abundance of carotenoids in carrots (Macura et al. 2019) which could play a significant role in 

the transport of Pb to aboveground tissues. The accumulation of Pb in beetroot cultivars did not 
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follow a clear trend; however, the mean Pb concentration in the highly pigmented cultivar (var. 

Bulls Blood) was generally greater than the mean Pb in the white beetroot (var. Albino). The 

concentrations of Pb in beetroot leaves were similar between cultivars, with no discernable 

difference due to pigmentation.  

Evaluation of Best Management Practices Through Evaluation of Factors 

Contributing to the Accumulation of Pb in Produce. By setting the reference soil equal to 

“Residence 1” and the reference produce to “Potato”, the mean-centered GLM model developed 

to predict the concentration of Pb in produce can predict the change in Pb accumulation if model 

predictors are changed. By mean-centering the concentration of bioavailable Pb in soil, predictor 

estimates and estimates of the interaction between soil bioavailable Pb and Pb in produce can be 

interpreted. The soil from Residence 1 was selected as the reference soil in the model as this soil 

represents typical soil quality in gardens at residential properties and therefore allows an 

evaluation of the change in Pb accumulation if different soils are used for growing food. Potato 

was selected as the reference produce as potatoes had the lowest mean Pb in consumable tissues. 

The GLM predicts the concentration of Pb in potatoes grown in soil from Residence 1 at the 

mean bioavailable Pb will be 1.0 μg g-1, which is not statistically different than zero (t=0.16, p = 

0.88). The model indicates that if the bioavailable concentration of Pb in soil increased by 100 

μg g-1, the accumulation of Pb in potatoes in the reference soil is expected to only increase by 1 

μg g-1, which the model indicates is not statistically significant (t=0.94, p=0.35). Using Potato as 

a reference allows an evaluation of the change in accumulated Pb if another crop is grown under 

similar conditions.  

Crop selection is critical in reducing Pb exposure in urban agriculture and selecting non-

root crops for cultivation in metals-rich urban soils is considered a best management practice 
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(Entwistle et al. 2019). The GLM simple slope estimates comparing produce types can be 

interpreted as the difference in Pb accumulation between potatoes and the other crops, if grown 

in soil from Residence 1 at the mean bioavailable Pb concentration in soil. The increase in Pb in 

other produce compared to potatoes ranges from 0.6 μg g-1 in peppers to 16 μg g-1 in white 

carrots, suggesting that white carrots are expected to accumulate 17 μg g-1 Pb if grown in soil 

from Residence 1 at the mean bioavailable Pb concentration in soil, which is a statistically 

significant increase compared to potatoes (t=5.6, p<0.001).  

Crop selection is even more important in soils with increasing bioavailable Pb. The 

interaction parameter estimates allow for an evaluation of the influence of increasing the mean 

bioavailable Pb in soil by 100 μg g-1 on Pb accumulation in each crop, compared to potatoes. 

Interaction parameter estimates range from -0.2 μg g-1 in tomatoes to 6.9 in white carrots and 

radishes indicating that when the mean bioavailable Pb increases by 100 μg g-1, the expected Pb 

concentration in white carrots is expected to increase by 6.9 μg g-1 (to 7.9 μg g-1), which the 

model indicates is statistically significant (t=4.72, P < 0.0001). This relationship holds true 

across taproot crops as slopes are positive between potatoes and carrot cultivars, beetroot 

cultivars, radishes, and turnips indicating that if bioavailable Pb increases in the soil above the 

mean, more Pb will accumulate in these tissues compared to potatoes. Therefore, the 

accumulation of Pb in consumable tissues as bioavailable Pb increases in soil is not the same 

between crops. As such, growing root crops in increasingly metals-rich soils further increases the 

risk for Pb exposure through consumption of root crops compared to potatoes.  

Replacing inground metals-rich urban soil with topsoil or constructing raised beds of 

commercial topsoil for crop production is considered a best management practice to reduce Pb 

exposure. The parameter slope estimate comparing soil from Residence 1 to Commercial Topsoil 
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is -2.2 indicating that if potatoes are grown in Commercial Topsoil with the mean bioavailable 

Pb concentration, the concentration of Pb in tissues should decrease by 2.2 μg g-1 (t=-.033, p = 

0.74). Although the statistical significance is not established in this study, it is useful to realize 

the slope comparing soil from Residence 1 to Commercial Topsoil is negative, thereby predicting 

an overall decrease in Pb accumulation if Commercial Topsoil is used as the growing media. 

However, the parameter slope for the Foundry Soil is 2.4 indicating that if crops are grown in 

soil from the Former Foundry with the mean bioavailable Pb in soil, the concentration of Pb in 

consumable tissues should increase (t=0.7, p=0.48) compared to crops grown in soil from 

Residence 1 suggesting that “guerrilla gardening” may increase risk for Pb exposure through 

produce consumption.  

Evaluation of Risk Due to Consumption of Produce. Consuming even a small amount 

of produce grown in soil from Residence 1 could put a child or an adult at risk for Pb exposure. 

Using Equation 1, a child can consume no more than 0.2 g d-1 (dw) of carrots grown in soil from 

Residence 1. At 85% water content, this equates to 1.3 g (ww) of carrots, or approximately one 

thin slice of a small-size carrot (Figure 4.3). Conversely, a child could consume no more than  

1.3 g d-1 (dw) of tomato grown in soil from Residence 1, or roughly one thin slice from a 

medium tomato. Although the USFDA IRL includes a safety factor of 10, this evaluation shows 

that although the concentration of Pb in tomatoes is comparatively minor, even consuming a 

small quantity of tomatoes grown in metals-rich soil could pose an exposure risk to children. The 

IRL of an adult is 4.3 times the value for children indicating an adult could safely eat a slightly 

thicker slice of carrot grown in soil from Residence 1 or slightly less than one whole small 

tomato grown in soil from Residence 1 (Figure 4.3). 
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Scenarios modeling the daily intake of Pb in a child from ingestion of water, food, and 

soil+dust vary significantly based on the concentrations of Pb in each vector (Figure 4.4). This 

evaluation suggests that although much attention has been placed on controlling drinking water 

quality, food quality has the potential for contributing an equal or greater proportion to the daily 

ingestion of Pb in children (Figure 4.5). Without changing food or water quality, simply 

replacing metals-rich topsoil with soil of significantly better quality is the best management 

practice to quickly reduce Pb exposure risk. This is quantified by the decrease in ingestion of Pb 

between Scenario 2 and Scenario 1 of 476 μg d-1.  

Homeowners who are unable to replace all the metals-rich topsoil at their property, but 

who also want to grow produce, are encouraged to grow vegetables in raised beds of replacement 

topsoil of significantly better quality. Without changing water quality or soil quality in the yard, 

growing produce in raised beds of commercial topsoil is estimated to decrease the ingestion of 

Pb by 462 μg d-1, which is the difference between Scenario 3 and Scenario 4.  

Crop selection is critical in lowering the risk of Pb exposure when growing produce in 

metals-rich soil. If water quality is the average water quality in Milwaukee and soil quality is 

represented by the average soil at Residence 1, a child eating 2 cups of root crops grown in soil 

from Residence 1 would ingest 1173 μg d-1 (Scenario 5). Simply by eating the leaves of the root 

crops (Scenario 6) instead of the taproot (Scenario 5) grown in soil from Residence 1, the Pb 

ingestion rate of a child would decrease by 372 μg d-1. The Pb ingestion rate would decrease by 

632 μg d-1 if a child eats a non-root crop (Scenario 7) compared to the taproot of a root crop 

(Scenario 5) grown in soil from Residence 1.  

Scenario 8, Scenario 9, and Scenario 10 estimate the daily ingestion of Pb based on 

changes in drinking water quality if soil quality meets state and federal quality guidelines and 
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produce is grown in replacement topsoil. Water quality in Scenario 8 is represented by the mean 

water quality in Milwaukee, Wisconsin, which meets the USEPA Action level for Pb. Water 

quality in Scenario 9 and Scenario 10 does not meet the USEPA Action level for Pb. The 

difference in Pb ingestion between Scenarios 9 and 10 and Scenario 8 suggests an average 

reduction in daily ingestion of between 3 and 7 μg d-1; however, this decrease is small compared 

to the decrease in daily Pb ingestion rate by replacing metals rich topsoil with soil of better 

quality or by growing vegetables in raised beds.  
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Figure 4.1. Distribution of bioavailable Pb (μg g-1) and cation exchange capacity (meq 100g-1) in 

three urban soils (Residence 1, Residence 2, and Former Foundry) and in a Commercial Topsoil. 

 

Note. The three horizontal lines of the box from the top to the bottom represent the 75th 

percentile, the median, and the 25th percentile. The whiskers represent the 10th and 90th 

percentile. Circles represent the 5th and 95th percentile. The mean is illustrated as a dashed black 

line. The mean values considered significantly different at an alpha value of 0.05 are denoted by 

a different letter above the boxplot. The number of soil samples represented by the boxplots for 

Residence 1, Residence 2, the Former Foundry, and the Commercial Topsoil are 29, 9, 20, and 

17, respectively 
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Figure 4.2. Mean Pb concentrations (μg g-1) in produce grown in three metals-rich soils. 

 

Note. Concentrations summarized above are given on a dry-weight basis and concentrations 

represent the mean of crop tissues grown in soils from Residence 1, Residence 2, and the Former 

Foundry. “Fruit” is the average Pb concentration of tomatoes and peppers (n=11); “leaf” is the 

average Pb concentration in all produce leaves (n=144); “Bulb” is the average Pb concentration 

of four beetroot cultivars, radishes, and turnips (n=76); and “carrot” is the average Pb 

concentration of the three cultivars of carrots (n=56). The sample size for potatoes is 20. 

Increasing shading intensity in the figure reflects an increase in Pb in prepared consumable 

tissues. The bioavailable Pb in the three soils (n=58) ranged from 32 μg g-1 to 786 μg g-1 with a 

mean of 326 ± 199 μg g-1. 
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Figure 4.3. Mass of each prepared garden produce grown in soil from Residence 1 that could be 

consumed (g d-1) so as not to exceed the USFDA IRL. 

 

Note. The mass of vegetable is calculated based on the mean concentrations of Pb in each crop 

grown in soil from Residence 1. The USFDA IRL (US Food and Drug Administration 2019) is 3 

μg d-1 for children and 12.5 μg d-1 for adults.  
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Figure 4.4. Estimated total Pb ingested by a child (μg d-1) based on ten modeled exposure 

scenarios.  

 

Note. Due to the difference in magnitude between scenarios, the y-axis is log-transformed. This 

model assumes that all Pb ingested by a child is from ingestion of water, food, and soil+dust. 

Model scenarios are explained on Table 4.3 and concentrations of Pb in each vector are 

described in Table 4.5S.  
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Figure 4.5. Contributions of each vector to the daily ingestion of Pb by a child based on ten 

exposure scenarios. 

 

Note. USEPA RSL, USEPA regional screening level for direct contact at residential properties 

(USEPA 2019b). Scenarios are categorized based on the soil used to model total Pb ingestion. 

Model scenarios are explained on Tables 4.3 and 4.5S.  
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Table 4.1. Demographics of the target Census Tract compared to the City of Milwaukee, 

Milwaukee County, the State of Wisconsin, and the United States.  

 
Population Demographic Census 

Tract 90 
City of 

Milwaukee 
Milwaukee 

County 
State of 

Wisconsin 
United 
States 

Population Density  13,314 6,191 3,943 107 92 
Median age 23 32 35 40 38 
     Percent of Population < 6 16% 8% 7% 6% 6% 
     Percent of Population < 9 26% 15% 14% 12% 13% 
     Percent of Population < 18 44% 26% 24% 22% 23% 
Percent non-white 96 % 64 % 49 % 19 % 39 % 
Median household income $28,113 $39,093 $47,591 $59,305 $60,336 
Percent poverty 40 % 25 % 19 % 11 % 13 % 
Percent of Homes Built Pre-
1969 

81 % 80 % 73 % 46 % 39 %  

2013-2016 Lead Poisoning Rate 
for Children (age 1-6 years) 

29 % 12 % 9 % 8 % 3% 

 
Note: Demographic data from the 2017 American Community Survey (US Census Bureau 

2019); population density is the estimated number of people per square mile; 2013-2016 blood 

lead poisoning rate is the percent of children with a blood Pb concentration greater than 5 μg dl-1 

per the number of children tested (CDC 2019; City of Milwaukee 2017; WDHS 2018). 
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Table 4.2. Concentration of Pb (μg g-1) in prepared consumable garden produce grown in three 

urban soils and in Commercial Topsoil.  

Garden Produce 
Mean ± SD (n) 

Residence 1 Residence 2 Former Foundry 
Commercial 

Topsoil 
Radish 31.8 ± 23.9 (6) 74.8* 4.2 ± 2.9 (3) 0.6* 
Carrot  19.8 ± 13.1 (29) 19.1 ± 17.0 (12) 3.2 ± 2.6 (15) < 0.3 (13) 
    White 26.7 ± 16.2 (5) 28.0 ± 32.6 (3) 6.4 ± 1.6 (4) < 0.3 (3) 
    Purple 20.1 ± 9.9 (8) 6.2 ± 5.9 (2) 1.2 ± 1.1 (2) < 0.3 (3) 
    Orange 17.6 ± 13.6 (16) 19.0 ± 8.5 (7) 2.2 ± 1.8 (9) < 0.3 (7) 
Turnip Bulb 17.2 ± 9.8 (9) 16.8 ± 21.5 (2) 3.4 ± 1.8 (5) < 0.3 (2) 
Turnip Leaf 7.9 ± 5.1 (13) 4.2 ± 4.5 (2) 2.2 ± 1.8 (6) 0.7 ± 0.2 (3) 
Beetroot Bulb  4.7 ± 5.0 (22) 8.3 ± 9.9 (13) 0.8 ± 0.9 (15) < 0.3 (11) 
    Bulls Blood 5.5 ± 3.9 (4) 16.4 ± 13.4 (4) 0.8 ± 0.8 (3) < 0.3* 
    Chioggia 9.1 ± 7.3 (6) NA 1.0 ± 1.1 (4) < 0.3 (2) 
    Detroit 1.9 ± 1.6 (7) 3.7 ± 2.3 (6) 0.5 ± 0.5 (5) < 0.3 (5) 
    Albino 2.7 ± 1.2 (5) 6.7 ± 10.2 (3) 1.1 ± 1.4 (3) < 0.3 (3) 
Beetroot Leaf 6.8 ± 5.5 (21) 10.3 ± 11.4 (11) 3.4 ± 3.2 (14) 0.5 ± 0.2 (13) 
    Bulls Blood 8.9 ± 2.2 (4) 9.3 ± 10.8 (4) 2.0 ± 0.9 (3) 0.4 ± 0.2 (2) 
    Chioggia 5.7 ± 7.2 (5) NA 2.3 ± 1.6 (5) < 0.3 (2) 
    Detroit 6.4 ± 7.1 (8) 10.0 ± 13.4 (5) 4.7 ± 5.1 (4) 0.5 ± 0.3 (7) 
    Albino 6.9 ± 2.7 (4) 13.1 ± 14.3 (2) 5.7 ± 4.3 (2) 0.5 ± 0.2 (2) 
Tomato 2.2 ± 3.5 (8) NA 3.2* < 0.3* 
Pepper < 0.3* NA 1.2* 0.7* 
Potato 1.0 ± 1.3 (13) < 0.3 (3) 0.3 ± 0.1 (4) 0.3 ± 0.1 (9) 

 

Note: NA; value not quantifiable as produce failed to grow to maturity in soil; SD, standard 

deviation. The XRF limit of detection is 0.3 μg g-1 and mean values of “< 0.3” indicate Pb 

concentrations were all less than the laboratory limit of detection. The n value represents the total 

number of samples analyzed and a star indicates the value represents the concentration in a 

single sample. Concentrations are given on a dry weight basis. For ease of labeling, common 

produce names are used, except for denoting cultivars in italics. Beetroots are referred to by their 

cultivar name (var. Bulls Blood; var. Chioggia; var. Detroit; var. Albino). Carrots are referred to 

by pigment color where “White” corresponds to var. Lunar White, “Orange” corresponds to var. 

Scarlet Nantes, and “Purple” corresponds to var. Pusa Asita Black. 
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Table 4.3. Exposure scenarios used to evaluate the total daily Pb ingested by a child from three 

exposure vectors. 

 

Scenario 
Vector 

Food Water Soil+Dust 
Scenario 1 Mean Pb in raw produce from 

USFDA TDS 
Mean Pb in Water in 
City of Milwaukee 

Mean Pb in Comm. Topsoil 
Scenario 2 Mean Pb in Soil at Res. 1 

Scenario 3 
Mean Pb in produce grown in 

commercial topsoil Mean Pb in Water in 
City of Milwaukee 

Mean Pb in Soil at 
Residence 1 

Scenario 4 
Mean Pb in produce grown in 

soil from Residence 1 

Scenario 5 
Mean Pb in root crops grown in 

soil from Residence 1 
Mean Pb in Water in 
City of Milwaukee 

Mean Pb in Soil at 
Residence 1 

Scenario 6 
Mean Pb in root crop leaves 

grown in soil from Residence 1 

Scenario 7 
Mean Pb in non-root crops 

grown in soil from Residence 1 

Scenario 8 
Mean Pb in produce grown in 

commercial topsoil 

Mean Pb in Water in 
City of Milwaukee 

USEPA RCL 
Scenario 9 USEPA Action Level 
Scenario 10 Flint, Michigan 

 

Note: USFDA TDS, Mean Pb in 2003-2016 raw produce from Food and Drug Administration 

Total Diet Study (US Food and Drug Administration 2018); USEPA Action Level for Pb per 

(USEPA 2019); USEPA RCL, USEPA Regional Screening Level for direct contact at residential 

properties (USEPA 2019b). Model factors are further described in Table 4.5S. 
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Figure 4.1S. Bioavailable Cd, Cr, Mg, and Zn (μg g-1) in three urban soils (Residence 1, 

Residence 2, Former Foundry) and in a Commercial Topsoil. 

 

Note. The three horizontal lines of the box from the top to the bottom represent the 75th 

percentile, the median, and the 25th percentile. The whiskers represent the 10th and 90th 

percentiles. Circles represent the 5th and 95th percentiles. The mean is illustrated as a dashed 

black line. The mean values considered significantly different at an alpha value of 0.05 are 

denoted by a different letter above the boxplot. The number of soil samples represented by the 

boxplots for Residence 1, Residence 2, the Former Foundry, and the Commercial Topsoil are 29, 

9, 20, and 17, respectively. 
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Figure 4.2S. XRD diffraction patterns of soils used in this study (A) Residence 1, (B) Residence 

2, (C) Former Foundry, and (D) Commercial Topsoil.  

 
 

 
  

A) 

B) 
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Figure 4.3S. Pb in food (μg kg-1) from the USFDA TDS (2003-2016). The concentrations of Pb 

illustrated by the boxplots represent the concentration of Pb in food as consumed and are not 

universally corrected by USFDA to dry weight. 

 

Note. The limit of detection was used when the concentration was reported as 0. The three 

horizontal lines of the box from the top to the bottom represent the 75th percentile, the median, 

and the 25th percentile. The whiskers represent the 10th and 90th percentile. Circles represent the 

5th and 95th percentile. The mean is illustrated as a dashed black line. The number of samples 

represented by the boxplot for “All Foods” is 16,035. The number of samples represented by the 

boxplot for “Raw Produce” is 472. A listing of foods included in “Raw Produce” is provided in 

Table 4.6S. 
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Figure 4.4S. Pb in Produce (μg kg-1) grown in soil from Residence 1.  

 

Note. The three horizontal lines of the box from the top to the bottom represent the 75th 

percentile, the median, and the 25th percentile. The whiskers represent the 10th and 90th 

percentile. Circles represent the 5th and 95th percentile. The mean is illustrated as a dashed black 

line. Vegetables grown in soils from Residence 1 used to calculate the average Pb concentration 

in: Root Crop Taproots (n=66) include radish, carrot cultivars, turnip, and beetroot cultivars; 

Root Crop Leaves (n=34) include turnip and beetroot cultivars; and Non-Root Crops (n=22) 

include tomato, pepper, potato. See Table 4.3 and Table 4.5S for a description of how this data is 

used.  
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Figure 4.5S. Pb in drinking water (μg L-1) collected in 2014 and 2017 in the City of Milwaukee, 

Wisconsin, USA.  

 

Note. Accessible 2014 and 2017 data per (Milwaukee Water Works 2017). The three horizontal 

lines of the box from the top to the bottom represent the 75th percentile, the median, and the 25th 

percentile. The whiskers represent the 10th and 90th percentiles. Circles represent the 5th and 95th 

percentiles. The mean is illustrated as a dashed black line. The number of samples represented by 

the boxplot is 101 (n2014 = 51 and n2017 = 50.). See Table 4.3 and Table 4.5S for a description of 

how this data is used.  
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Table 4.1S. The pH and concentrations of bioavailable elements (μg g-1) in three urban soils and 

in a Commercial Topsoil.  

 

Soil 
Chemistry 

Mean ± SD (n) 

Residence 1 
(n=29) 

Residence 2 
(n=9) 

Former Foundry 
(n=20) 

Commercial 
Topsoil (n=17) 

pH 7.48 ± 0.2 7.73 ± 0.2 7.43 ± 0.2 7.54 ± 0.2 

B
io

av
ai

la
bl

e 
el

em
en

ts
 Ca 3949 ± 566 4417 ± 728 2394 ± 594 6743 ± 519 

Cu 3.9 ± 2.2 5.3 ± 3.4 34.4 ± 13.2 3.1 ± 0.6 
Fe 29 ± 13.5 30.1 ± 12.5 87.2 ± 22.7 286.5 ± 30.3 
K 128.8 ± 55.1 104.6 ± 44.4 105.6 ± 52.5 63.5 ± 24.8 
Mn 20.6 ± 7.8 14.7 ± 4.8 33.4 ± 9.1 3.5 ± 0.7 
Na 484.9 ± 35.7 473.1 ± 23.5 515.5 ± 61 694.5 ± 34.8 
Ni 0.5 ± 0.1 0.4 ± 0.1 4.3 ± 2.1 0.3 ± 0.1 
P 83.1 ± 14.1 60.5 ± 10.8 19.7 ± 13.9 18.6 ± 9.9 
S 45.8 ± 6.8 46.8 ± 8.1 26.5 ± 5.9 215.3 ± 55.8 

 
Note: SD, standard deviation; n, number of soil samples from each soil group.  
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Table 4.2S. Concentration of Pb (μg g-1) in leaves and skins of three carrot cultivars. 

 

Garden Produce 
Mean ± SD (n) 

Residence 1 Residence 2 Former Foundry 
Carrot Leaf 8.7 ± 8.7 (25) 12.2 ± 13.8 (10) 2.2 ± 5 (17) 
    White 4.6 ± 4.4 (6) 7.8 ± 9.3 (3) 0.6 ± 0.4 (4) 
    Purple 9.7 ± 3.7 (5) 3.5 ± 4.1 (3) 1 ± 0.5 (2) 
    Orange 12.2 ± 12.6 (14) 22.2 ± 16.7 (4) 3.6 ± 6.8 (7) 
Carrot Skin 12 ± 9.7 (15) 11.6 ± 6.5 (4) 3.9 ± 3.4 (7) 
    White 14.4 ± 7.3 (4) NA 3.2 ± 2.7 (3) 
    Purple 5.8 ± 9.6 (3) 4.0* NA 
    Orange 10 ± 6.6 (8) 14.2 ± 5 (3) 4.5 ± 4.1 (4) 
Beetroot Skin 24.6 ± 25.0 (13) 23.0 ± 26.0 (9) 3.6 ± 2.8 (7) 
    Bulls Blood 44.1 ± 18.0 (3) 27.5 ± 40.3 (4) 1.4* 
    Chioggia 32.5 ± 36.5 (4) NA 4.3 ± 3.3 (4) 
    Detroit 10.0 ± 0.7 (3) 18.6 ± 10.6 (3) 5.2* 
    Albino 9.3 ± 8.7 (3) 20.7 ± 13.2 (2) 1.5* 

 
Note: NA; value not quantifiable as not enough mass was available, or vegetable did not grow to 

maturity. The n value represents the total number of samples analyzed and a star indicates the 

value represents the concentration in a single sample. Due to small mass, skin samples could 

represent a composite of samples from multiple pots of the same soil, especially in the beetroot 

dataset. Concentrations are provided on a dry weight basis. Carrots are referred to by pigment 

color where “White” corresponds to var. Lunar White, “Orange” corresponds to var. Scarlet 

Nantes, and “Purple” corresponds to var. Pusa Asita Black. Beetroots are referred to by their 

cultivar name (var. Bulls Blood; var. Chioggia; var. Detroit; var. Albino). 
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Table 4.3S. Concentration of chromium (μg g-1) in prepared consumable garden produce grown 

in three urban soils and in Commercial Topsoil.  

 

Garden Produce 
Mean ± SD (n) 

Residence 1 Residence 2 Former Foundry 
Commercial 

Topsoil 
Radish 1.7 ± 1.9 (6) < 0.6* < 0.6 (3) < 0.6* 
Carrot 1.8 ± 1.7 (29) 1.9 ± 2.2 (12) 11.2 ± 36.5 (15) 2.5 ± 2.9 (13) 
    White 1.8 ± 1.6 (5) 2.0 ± 1.6 (3) 2.0 ± 0.9 (4) 1.1 ± 0.9 (3) 
    Purple 0.9 ± 0.5 (8) 5.0 ± 4.8 (2) 1.0 ± 0.5 (2) 1.0 ± 0.4 (3) 
    Orange 2.3 ± 1.9 (16) 0.9 ± 0.3 (7) 17.5 ± 47.1 (9) 3.7 ± 3.5 (7) 
Turnip Bulb < 0.6 (9) < 0.6 (2) 2.1 ± 2.8 (5) 0.9 ± 0.4 (2) 
Turnip Leaf < 0.6 (13) < 0.6 (2) < 0.6 (6) 4.4 ± 6.6 (3) 
Beetroot Bulb 2.7 ± 2.6 (22) 1.9 ± 1.5 (13) 2.3 ± 3.3 (15) 1.4 ± 0.7 (11) 
    Bulls Blood 2.4 ± 2.8 (4) 2.4 ± 1.6 (4) 2.2 ± 0.6 (3) 2* 
    Chioggia 2.6 ± 0.9 (6) NA 1.6 ± 0.7 (4) 1.2 ± 0.9 (2) 
    Detroit 3.1 ± 4.3 (7) 2.3 ± 1.6 (6) 3.7 ± 5.9 (5) 1.5 ± 0.7 (5) 
    Albino 2.2 ± 1.1 (5) 0.6 ± 0.1 (3) 1.0 ± 0.6 (3) 1.0 ± 0.7 (3) 
Beetroot Leaf < 0.6 (21) < 0.6 (11) 0.7 ± 0.3 (14) < 0.6 (13) 
    Bulls Blood < 0.6 (4) < 0.6 (4) < 0.6 (3) < 0.6 (2) 
    Chioggia < 0.6 (5) NA < 0.6 (5) < 0.6 (2) 
    Detroit < 0.6 (8) < 0.6 (5) < 0.6 (4) < 0.6 (7) 
    Albino < 0.6 (4) < 0.6 (2) 1.1 ± 0.7 (2) < 0.6 (2) 
Tomato 1.4 ± 1.1 (8) NA < 0.6* < 0.6* 
Pepper < 0.6* NA < 0.6* < 0.6* 
Potato 1.5 ± 0.7 (13) 1.8 ± 2.1 (3) 1.2 ± 0.5 (4) 1.6 ± 1.2 (9) 

 
Note: NA; value not quantifiable as produce failed to grow to maturity in soil; SD, standard 

deviation. The XRF limit of detection is 0.6 μg g-1 and mean values of “< 0.6” indicate 

chromium concentrations were all less than the laboratory limit of detection. The n value 

represents the total number of samples analyzed and a star indicates the value represents the 

concentration in a single sample. Concentrations are provided on a dry weight basis. For ease of 

labeling, common produce names are used, except for denoting cultivars in italics. Beetroots are 

referred to by their cultivar name (var. Bulls Blood; var. Chioggia; var. Detroit; var. Albino). 

Carrots are referred to by pigment color where “White” corresponds to var. Lunar White, 

“Orange” corresponds to var. Scarlet Nantes, and “Purple” corresponds to var. Pusa Asita Black. 
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Table 4.4S. Concentration of nickel (μg g-1) in prepared consumable garden produce grown in 

three urban soils and in Commercial Topsoil 

 

Garden Produce 
Mean ± SD (n) 

Residence 1 Residence 2 Former Foundry 
Commercial 

Topsoil 
Radish 0.6 ± 0.5 (6) < 0.4* 1.0 ± 0.8 (3) < 0.4* 
Carrot 1.1 ± 1.4 (29) 1.1 ± 1 (12) 2.5 ± 1.0 (15) 1.0 ± 0.8 (13) 
    White 0.6 ± 0.2 (5) 1.0 ± 0.5 (3) 3.2 ± 1.0 (4) 0.5 ± 0.1 (3) 
    Purple 1.8 ± 2.5 (8) 2.8 ± 1.5 (2) 1.3 ± 0.7 (2) 0.8 ± 0.6 (3) 
    Orange 0.9 ± 0.4 (16) 0.6 ± 0.3 (7) 2.4 ± 0.8 (9) 1.3 ± 0.9 (7) 
Turnip Bulb < 0.4 (9) 2.2 ± 2.5 (2) 1.6 ± 1.3 (5) < 0.4 (2) 
Turnip Leaf < 0.4 (13) 1.9 ± 2.1 (2) 1.1 ± 0.7 (6) < 0.4 (3) 
Beetroot Bulb 0.9 ± 0.4 (22) 0.7 ± 0.4 (13) 1.9 ± 1.0 (15) 0.8 ± 0.3 (11) 
    Bulls Blood 0.9 ± 0.5 (4) 0.9 ± 0.3 (4) 2.2 ± 0.8 (3) 0.6* 
    Chioggia 1.1 ± 0.5 (6) NA 2.0 ± 0.3 (4) 0.8 ± 0.6 (2) 
    Detroit 0.8 ± 0.4 (7) 0.8 ± 0.5 (6) 1.8 ± 1.5 (5) 0.8 ± 0.2 (5) 
    Albino 0.7 ± 0.4 (5) 0.6 ± 0.3 (3) 1.6 ± 1.0 (3) 0.9 ± 0.3 (3) 
Beetroot Leaf < 0.4 (21) < 0.4 (11) 1.4 ± 1.4 (14) 0.4 ± 0.1 (13) 
    Bulls Blood < 0.4 (4) < 0.4 (4) 2.5 ± 2.8 (3) < 0.4 (2) 
    Chioggia < 0.4 (5) NA 1.3 ± 0.6 (5) < 0.4 (2) 
    Detroit < 0.4 (8) < 0.4 (5) 1.0 ± 1.0 (4) 0.4 ± 0.1 (7) 
    Albino < 0.4 (4) < 0.4 (2) 0.7 ± 0.4 (2) < 0.4 (2) 
Tomato 0.5 ± 0.3 (8) NA 2.3* < 0.4* 
Pepper < 0.4* NA < 0.4* < 0.4* 
Potato 0.6 ± 0.2 (13) 0.5 ± 0.1 (3) 1.2 ± 0.4 (4) 0.8 ± 0.3 (9) 

 
Note: NA; value not quantifiable as garden produce failed to grow to maturity in soil; SD, 

standard deviation. The XRF limit of detection is 0.4 μg g-1 and mean values of “< 0.4” indicate 

chromium concentrations were all less than the laboratory limit of detection. The n value 

represents the total number of samples analyzed and a star indicates the value represents the 

concentration in a single sample. Concentrations are provided on a dry weight basis. For ease of 

labeling, common produce names are used, except for denoting cultivars in italics. Beetroots are 

referred to by their cultivar name (var. Bulls Blood; var. Chioggia; var. Detroit; var. Albino). 

Carrots are referred to by pigment color where “White” corresponds to var. Lunar White, 

“Orange” corresponds to var. Scarlet Nantes, and “Purple” corresponds to var. Pusa Asita Black. 
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Table 4.5S. Definitions and model parameters for calculating the daily Pb ingestion rate of a 

child from consuming food, water, and soil+dust. 

 
IRi = Ingestion rate for each vector for a child 
 

Vector Value Source 

Food 45 g d-1 

The food vector assumes that a child only ingests Pb in produce. 
The ingestion rate for this vector was estimated by assuming a 
child eats the USDA recommended 2c of produce per day. The 
average mass of 2c of produce represented by chopped carrots, 
tomatoes, beetroots, turnip, and potato was calculated based on 
tabulated data (Aqua-Calc 2019), which were in general agreement 
with measurements made in this study. The mass of 2c of 
vegetables was converted to dry weight based on an assumed 85% 
water content. 

Water 0.305 L d-1 Average daily intake rate of each vector for children age 1 to 6 
years calculated based on data by (Moya, Phillips, and Schuda 
2011). Soil+Dust 80 mg d-1 

 
Note: the mass ingested per day of soil and food is provided in dry weight.  
 
Ci = Concentration of Pb in each vector 
 

Scenario 
Vector 

Cfood (μg g-1, dw) Cwater (μg L-1) Csoil+dust (μg g-1, dw) 

Scenario 1 
0.037 4.5 

4.5 
Scenario 2 5,950 
Scenario 3 0.4 

4.5 5,950 
Scenario 4 10.7 
Scenario 5 15.5 

4.5 5,950 Scenario 6 7.2 
Scenario 7 1.4 
Scenario 8 

0.4 
15 

400 Scenario 9 15 
Scenario 10 26.8 

Note: dw, the concentration of Pb is expressed on a dry weight basis.  

Cfood. The mean concentration of Pb (5.5 ± 2.6 ug kg-1; n=472) in raw commercial 

produce (see Figure 4.3S and Table 4.6S) was calculated on a wet-weight basis using data from 

(US Food and Drug Administration 2018) where the limit of detection was used when the 
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concentration was reported as zero. The mean concentration was converted to dry weight by 

assuming a water content of 85% and the value is used as Cfood in Scenarios 1 and 2. The mean 

Pb concentration in produce grown in commercial topsoil was calculated and used as Cfood in 

Scenarios 3 and 8-10. The mean Pb concentration in produce grown in soil from Residence 1 

was calculated and used as Cfood in Scenarios 4. Vegetables grown in soils from Residence 1 

used to calculate the average Pb concentration in root crops (Scenario 5) include radish, carrot 

cultivars, turnip, and beetroot cultivars; vegetables used to calculate the average Pb concentration 

in root crop leaves (Scenario 6) include turnip and beetroot cultivars; and vegetables used to 

calculate the average Pb concentration in non-root crops (Scenario 7; see Figure 4.4S) include 

tomato, pepper, potato. 

Cwater. Mean concentration of Pb in tap water as measured by Milwaukee Water Works 

(2017) (see Figure 4.5S) and calculated for this study based on accessible data from 2014 and 

2017 (Scenarios 1-8). USEPA Action Level for Pb in Scenario 9 per (USEPA 2019). Water 

quality from Flint, Michigan in Scenario 10 is the reported 90th percentile (n=268) of samples 

collected in August 2015 per (Pieper et al. 2018). 

Csoil+dust. Mean concentration of Pb in soil at Residence 1 and Commercial Topsoil per 

Figure 4.1. USEPA regional screening level for direct contact at residential properties (USEPA 

2019b). 
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Table 4.6S. Foods included in the “Raw Produce” classification from the USFDA TDS used to 

model Pb exposure in children. 

 
Food Name (n) 

Carrot, baby, raw 59 
Celery, raw 59 
Cucumber, peeled, raw 59 
Lettuce, iceberg, raw 59 
Lettuce, leaf, raw 59 
Onion, mature, raw 59 
Pepper, sweet, green, raw 59 
Tomato, raw 59 

 
Note. Data from 2003-2016 USFDA TDS (US Food and Drug Administration 2018). The mean 

concentration of Pb in raw commercial produce (5.5 ± 2.6 μg kg-1; n=472) was calculated on a 

wet-weight basis using data from (US Food and Drug Administration 2018) where the limit of 

detection was used when the concentration was reported as zero. The mean concentration was 

converted to dry weight by assuming a water content of 85% and the value is used as Cfood in 

Scenarios 1 and 2 (see Table 4.3 and Table 4.5S).  
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5.0 DISCUSSION 

5.1 EVALUATION OF PROJECT OBJECTIVES 

Objective 1. As expected, 85 percent of measurements made in Chapter 2 when 

compared to NIST certified, reference, and information values were within a control limit of ± 

20 % RD. Further, Chapter 2 describes the variability in concentrations of up to 49 elements 

(plus LOI) and provides values for up to 21 elements previously uncharacterized by NIST in 

these soil SRMs. The additional characterization provided in this investigation was used to 

reduce the measurement uncertainty in custom calibration routines and improve the quality of 

control checks developed using these NIST SRMs. Using the characterized SRMs, measurement 

and calibration routines for quantification of heavy metals with XRF were built. 

Objective 2. By managing matrix effects, XRF is shown in Chapter 3 to be a useful tool 

in quantification of Pb and other heavy metals in produce. In addition to measuring samples and 

reference materials under the same conditions (e.g. energy, current, filter, count time, 

atmosphere), the most critical factors to be managed in developing measurement routines for 

quantification of heavy metals in plant tissues with WD-XRF and portable ED-XRF are: 

1. Developing reference materials with commutability to samples and maintaining 

consistency with sample preparation/handling (e.g. drying time, milling time, sample 

mass), 

2. Selecting proper wavelengths to eliminate peak overlaps and controlling for possible 

enhancement from within the matrix or from characteristic X-rays generated by the 

shielding/housing,  

3. Irradiating samples for long enough to maximize accuracy and precision, and  
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4. Confirming the viability of new routines for actual samples through paired analysis of 

samples with another quantification technology to provide additional assurance in the 

measurement and calibration routines.  

Objective 3. This study described in Chapter 4 confirms significant variation in the 

quality of urban soils and in the corresponding concentration of Pb accumulated in consumable 

crop tissues. Produce grown in metals-rich soil accumulated Pb in consumable tissues at 

concentrations significantly greater than identical fresh produce purchased from commercial 

sources. Pb concentrations were the greatest in taproot vegetables, with decreasing trends in 

aboveground biomass. Pb concentrations in primary consumable tissues followed this trend: 

radish > carrots > turnip > beetroot > tomato > pepper > potato. Pb accumulation in pigment rich 

cultivars did not follow the expected trend, with the greatest Pb concentrations in white carrots, 

with lesser concentrations in orange carrots.  

The accumulation of Pb in produce is related to the bioavailability of Pb in soil; however, 

the relationship between bioavailable Pb in soil and Pb accumulated in consumable produce 

varies by crop type. Therefore, it is critical to measure Pb directly in consumable tissues for an 

accurate estimation of child Pb exposure.  

Replacement of metals-rich urban soils with commercial topsoil of better quality or 

growing non-root crops in metals rich soil are confirmed as best management practices to reduce 

the risk of Pb exposure. Additionally, peeling vegetables grown belowground in metals-rich soil 

will further reduce Pb exposure risk; however, the reduction in risk depends on produce type. 

Children consuming produce grown in metals-rich urban soil and in replacement topsoil could be 

at increased risk for Pb exposure; however, children are also possibly at a risk of Pb exposure 

from consuming commercial produce from a grocery store. 
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Objective 4. As described in the study in Chapter 4, the concentrations of Pb in 

domestically-grown vegetables was less than the XRF detection limit. Concentrations of Pb in 

internationally-sourced foods were greater than the XRF detection limit; however, concentrations 

could not be confirmed suggesting the possibility of significant variability of Pb in commercially 

sourced foods.  

5.2 FUTURE WORK 

Future Work on Compartmentalization of Pb with Micro-XRF 

The vast majority of studies contributing to the current understanding of Pb 

uptake/transport/accumulation at the cellular level grew plants in hydroponic solutions with Pb-

nitrate. These laboratory studies, though useful, do not necessarily represent realistic growing 

conditions and therefore much remains unknown as to the basic physiology of Pb accumulation 

in crops grown in metals-rich soils. With the recent advancements in micro-XRF, the potential 

now exists to measure Pb in specific regions of plant tissues at the cellular-level at single-digit 

concentrations. Future work with micro-XRF could be useful in confirming if the accumulation 

of Pb in crops occurs more prominently in specific areas of plant tissues, or if accumulation is 

more homogenous. For example, if plants are accumulating Pb in tissues that are indigestible and 

therefore Pb passes through the digestive system unaltered, then the risk to children from 

consuming produce described in this study may be overly conservative.  

The pilot study described in Appendix B suggests the Casparian strip may be especially 

critical in Pb accumulation in taproot crops. Micro-XRF would be particularly useful in further 

evaluating the role of the Casparian strip in tap-root crops grown in realistic scenarios.  
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Use of ED-XRF and TR-XRF in Food Security Applications 

Although this study is able to predict 65% of the variability of Pb accumulated in produce 

grown in metals-rich soils, directly measuring Pb in produce is the most accurate way to assess 

the risk to children form consumption of foods. This study shows that portable ED-XRF 

instrumentation is capable of achieving limits of detection in the ranges of health-based food 

standards. More recent ED-XRF and Total Reflection XRF (TR-XRF) advancements have 

addressed many of the initial instrumentation issues limiting the limits of detection. As these 

techniques are further developed, the applicability of these measurement methods in food 

security will only increase. 

This study attempted to use ED-XRF to directly measure Pb in produce coarsely 

homogenized with a commercial hand-held food processor. As noted in Chapter 3, the study was 

successful in developing measurement and calibration routines using a library of reference 

materials containing 85% water. However, this study faced several significant obstacles when 

trying to use the measurement routine on actual produce samples. Most root-crop and fruit 

samples could be successfully homogenized; however, the water content of the samples diluted 

the concentration of Pb atoms per unit volume to the point the limit of detection became an issue. 

To overcome this challenge in the future, one possibility would be to spin the homogenized 

sample in a portable centrifuge after homogenization to concentrate the solid phase of the sample 

which could then be packed in an ED-XRF capsule for analysis. This approach would require a 

pilot study to quantify if significant concentrations of Pb are present in the liquid phase.  

Best Management Practices to Lower Child Exposure to Pb 

One of the more fascinating observations from this study is the proportion of Pb ingested 

by children per day from food. Initial work by others suggested ingestion of Pb from food was 
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not a pathway of significant concern. Our work suggests that for an average child, after 

addressing significant soil impacts at residential properties, water quality should not be 

addressed until food quality is maximized. This is opposite of recent trends where communities 

are under increasing pressure to replace Pb water laterals. Further study on the cost/benefit from 

community-initiated projects is warranted so the greatest positive health outcomes are realized.  
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APPENDICES 
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Appendix A: Development of a GLM to Predict Pb in Produce 

Background 

Prior work has attempted to predict the concentration of Pb in produce from the 

concentration of Pb in soil. However, due to the heterogenous and anisotropic nature of urban 

soils, prior models have failed to accurately predict Pb accumulated in produce.  

Methods 

Using model factors in this study, a GLM was developed to predict accumulation of Pb. 

The following model factors were initially included, then the model revised as summarized in the 

following.  

1. Categorical = Vegetable (Carrot-Orange; Carrot-Purple ; Carrot-Orange ; Beet-

Bulls Blood; Beet-Chioggia; Beet-White; Beet-Detroit; Pepper; radish; Potato; 

Tomato; Turnip-Bulb; Turnip-Leaf; Beet-Bulls Blood-Leaf; Beet-Chioggia-Leaf; 

Beet-White-Leaf; Beet-Detroit-Leaf) 

2. Categorical = Soil Source (Site 8, Site 11, Foundry, Home Depot) 

3. Continuous = several soil chemistry parameters (pH, CEC, Bioavailable Elements 

[Ca, Cd, Cr, K, Mg, Mn, Ni, P, Pb, S, Zn, Cu, Fe, P, Zn]) 

Preprocessing. Preprocessing included letting the LOD represent cases where the 

measured Pb concentration was less than the LOD (0.3 μg g-1, dw). Three outliers were removed.  

Mediation. The first refinement of the model was to determine if mediation was possible 

between bioavailable Cd and bioavailable Pb in the soil (Table A.1) or between bioavailable Zn 

and bioavailable Pb in the soil (Table A.2).  
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Table A.1. SAS model to determine if 

Mediation was possible between Cd and Pb 

 
SAS Code Result 

model1: model 

Plant_pb=pb 

p< 0.001 

model2: model cd=pb P=0.89 

model3: model 

Plant_pb=cd pb 

p< 0.01 

cd = 0.4450 

Use Sobel bootstrap = 1,000 

 

As zero is within the Upper and Lower 95% 

CI, you can say with 95% CONFIDENCE 

that mediation is not considered significant 

between Pb and Cd 

 

Table A.2. SAS model to determine if 

Mediation was possible between Zn and Pb 

 
SAS Code Result 

model1: model 

Plant_pb=pb 

p< 0.001 

model2: model zn=pb P=.643 

model3: model 

Plant_pb=zn pb 

p< 0.01 

zn = 0.34 

Use Sobel bootstrap = 1,000 

 

As zero is within the Upper and Lower 95% 

CI, you can say with 95% CONFIDENCE 

that mediation is not considered significant 

between Pb and Zn 
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Multicollinearity. Multicollinearity was evaluated between continuous soil predictors to 

determine which predictors should be removed (Table A.3). Variance inflation factors (VIF) 

greater than 10 suggests a predictor may have multicollinearity. The initial model suggests 

removing Ca, Cu, P. When done, the revised model suggests multicollinearity is no longer an 

issue.  

Table A.3. Evaluation of Multicollinearity 

model Plant_Pb=pH CEC Ca Cd Cr Cu Fe K Mg Mn Na Ni P Pb S Zn/vif tol collin scorr2 
pcorr2; 
Initial Model 
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Revised Model 

 
 

Initial Bivariate Regression Model. Similar to work attempted by others in the literature 

(though prior work used total Pb in soil), the initial model was a simple linear regression 

between plant Pb and bioavailable Pb in soil (Table A.4).  

Table A.4. Bivariate regression model between bioavailable Pb in soil and Pb in consumable 

produce 

proc reg data=veg; 

model1: model Plant_Pb=Pb; 

run; 
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Second Bivariate Regression Model. The initial model indicates that bioavailable Pb in 

soil can predict 25% of the variability in Pb accumulated in produce. This suggests further 

revision of the model is warranted. A second model was built by adding all predictors 

summarized on Table A.3.  

Table A.5. Revised regression model to predict Pb in consumable produce 

proc reg data=veg; 

model1: model Plant_Pb=Pb pH CEC Cd Cr 

Fe K Mg Mn Na Ni S Zn/solution; 

run; 

 

 

 

Some parameters have a high p-value suggesting they contribute little to the prediction of 

Pb in consumable plant tissues. However, this model only predicts 27% of variability in Pb in 

consumable tissues. Suggesting further revision of the model is necessary; regardless of the p-

value of individual predictors.  
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Initial GLM Model. To add categorical predictors (“Vegetable” and “Soil”) to the 

model, a GLM is needed (Table A.6).  

Table A.6. Initial GLM to predict Pb in produce 

proc glm data=veg; 

class vegetable soil; 

model1: model Plant_Pb=pb vegetable 

soil pH CEC Cd Cr Fe K Mg Mn Na Ni 

Zn/solution; 

run; 

 

 

 

 

By adding the two categorical predictors, the initial GLM model predicts 54% of the 

variability in accumulated Pb; however, further revision is warranted.   
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Revised GLM Model. To add an interaction between predictors, and to set a reference 

for Soil and Vegetable, further revision of the GLM is warranted (Table A.7). To make the 

simple slopes valuable, the bioavailable Pb in soil was mean-centered 

 
Table A.7. Revised GLM 

proc glm data=vegcentered; 

class vegetable (ref='Potato') 

soil (ref='Site 11'); 

mode4: model Plant_Pb 

=vegetable soil cPb 

cpb*vegetable CEC Cd Cr 

Mg Zn/solution; 

LSmeans vegetable / Adjust 

= tukey; 

run; 

 

 

 

 
Why keep these predictors: 

CEC = this represents the cation exchange potential for this soil and should account for all 

possible sorption sites (e.g. organic material, Fe oxides, etc.). Therefore, Fe is not needed 

Cd/Zn = these are the channels that Pb uses to enter plant, so keep these 

Cr = The pb in paint is often bound with CrO4; therefore, Pb is inherently linked to Cr 

Mg = divalent cation, not sure why significant.  
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This combination of predictors predicts 65% of variability in Pb in consumable plant 

tissues. Partial slopes are provided on Table A.8. 

Table A.8. Slope estimates from final GLM 
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Appendix B: Accumulation of Pb in Carrots 

Background 

Lead (as Pb+2) is thought to primarily enter the root hair and pass through the cortex of 

plant roots through bulk flow of water using the apoplast pathway. Pb can continue through the 

apoplast pathway until it reaches the Casparian Strip, at which point, Pb must enter the symplast 

pathway to continue to the stele. Prior work using scanning electron microscopy has shown that 

plants could precipitate Pb on the cortex side of the Casparian Strip to prevent entry of Pb into 

the stele. However, prior work evaluating root was completed using hydroponic growing 

methods. Therefore, an evaluation of modified taproots grown in garden conditions is warranted 

to determine if Pb is concentrated in the cortex.  

Methods 

Taproots of seven orange carrots grown in metals-rich soil as part of the 2016 growing 

season were harvested and processed as described in Chapter 4. A sharp knife was used to break 

the outer portion of the cortex from the inner portion of the root (assumed to be the stele). It is 

assumed that this break occurs at the Casparian Strip. The physiology of the carrot is illustrated 

on Figure B.1a. 

Both the inner and outer portions of the taproot were dried and Pb concentrations 

determined with WD-XRF (n=14) as described in Chapter 4. The mean concentrations of Pb in 

each tissue group are illustrated on Figure B.1b. 
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Figure B.1a. Physiology of carrot taproot. 

 

 
 

Figure B.1b. Mean concentration of Pb 

(μg g-1 dw) in carrot taproot tissues. 

 
 

 

A matched-paired analysis was completed in JMP (SAS Institute; Cary, NC) to determine 

if the concentrations were significantly different between the tissue groups (Figure B.2).  

Figure B.2. Matched-pair statistical analysis of Pb in two tissue groups 
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Conclusions  

The concentration of Pb in the center tissue was greater than the concentration in the 

outer tissue (t = -2.87, DF=6, p < 0.01). This supports the understanding that Pb is not uniformly 

distributed within the taproot but appears to concentrate towards the stele. However, we had 

expected Pb to accumulate in the cortex and had expected the concentration of Pb in the stele to 

be less than detection limits. The results are backwards of the expected trend. One explanation 

for this is the taproot did not break cleanly at the Casparian Strip, but instead broke further into 

the cortex; thus not clearly separating the cortex from the stele. 

Recent advances in micro-XRF spectroscopy have allowed for μm resolution on 

measurements. Therefore, this investigation could be repeated to determine at the cellular level if 

Pb-rich regions are identifiable in a carrot taproot cross-section. The difficulty in using micro-

XRF is developing reference materials with enough homogeneity for quantification purposes. 

Specific focus should be placed in the area separating the apparent cortex from the stele.  
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Appendix C: Pb Accumulation in Commercial Prepared Foods 

Background 

As a considerable amount of pre-packaged ready-to-eat foods (e.g. candy, snacks, fruit, 

etc.) are processed/packaged in Southeast Asia, significant concern has been expressed as to the 

integrity/quality of these foods. Of specific concern, prior work has identified the presence of Pb 

in select canned foods readily fed to children, such as Mandarin Oranges and other packaged 

fruits. Further, recent work has identified Pb in spices and other foods originating from Asia. 

Therefore a study is warranted to determine if techniques developed in Chapter 3 can be used to 

evaluate Pb in commercial-sourced foods.  

Methods 

A variety of pre-packaged foods were purchased from grocery stores in Milwaukee, 

Wisconsin and processed as follows: 

 Metal Cans. Metal cans were opened with a stainless steel can opener and the contents 

drained through a kitchen strainer to remove packaging liquid. 

 Glass Jars. Glass jars were opened and the contents drained through a kitchen strainer to 

remove packaging liquid.  

 Plastic Cups. Plastic cups were opened and the contents drained through a kitchen 

strainer to remove packaging liquid. 

 Loose/Dried. Foods that were dried or purchased loose (e.g. candy, sushi wrappers, 

spices) were removed from packaging for processing.  

All food samples were processed and the concentration of Pb measured with WD-XRF as 

described in Chapter 4.  
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Results and Conclusions 

Significant difficulty was encountered in preparing pressed pellets of samples high in fat 

(e.g. select snacks, chocolate). Additionally, samples high in sugar content tended to warp during 

analysis with WD-XRF suggesting heat generated during the measurement routine compromised 

the integrity of the sample. Pressed pellets of samples preserved with vinegar (e.g. pickled beets, 

pickled ginger) tended to be fragile and did not handle well. Pressed pellets of sushi wrappers 

were very fragile and often did not resist handling. Therefore, a large number of samples 

collected in this study could not be analyzed with WD-XRF (Table C.1).  

The LOD was 0.3 ug g-1 and the LOQ was 1 ug g-1. Pb was identified in several 

commercially-sourced goods (Table C.2); however, apparent detections could not be confirmed 

through additional sampling of different batches of the same food. Therefore, it is possible that 

Pb concentrations vary widely between manufacturers and between batches/lots. The results of 

this work further illustrate the need for additional work in this area and further illustrate the value 

in the use of a quick portable quantification instrument, such as a portable ED-XRF for food 

security studies. 
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Table C.1. Samples that could not be analyzed with WD-XRF due to complications with pellet 

competency. 

Store Food Description 

Cermak  

Water Chestnut Water Chestnut 
Large Root Large Root 
Waxy Root Waxy Root 

Pick-N-Save  

Hello Panda Biscuit with milk cream 
Hello Panda Biscuit with coco cream 
Pocky (snack stick) 
Yam-Yam Stick 
Yam-Yam Chocolate Dip 
Yam-Yam Stick 
Yam-Yam Strawberry Dip 
Honey Twist (snack stick) 
Hi-Chew Strawberry 
Hi-Chew Apple 
Mandarin Oranges (store brand can) Fruit 
Mandarin Oranges (Dole Can) Fruit 
Mandarin Oranges (Dole Can) Fruit 
Mandarin Oranges (Delmonte Can) Fruit 
Mandarin Oranges (Delmonte Can) Fruit 
Citrus Salad (Delmonte can) Fruit 
Citrus Salad (Delmonte can) Fruit 
Mandarin Oranges (Dole-plastic jar) Fruit 
Mandarin Oranges (Dole-plastic jar) Fruit 

Sendik’s International Seaweed (Baycliff Nori) 
Trader Joes International Okra 

Walgreens  

Gimme Goo Candy 
Sour Heads Candy 
Hershey's Kisses Deluxe Candy 
Hershey's Kisses Deluxe (wrapper) Candy 
Spongebob Candy 
Finding Dory Easter Egg Lemonheads 
Finding Dory Easter Egg Bracelet (all) 
Finding Dory Easter Egg Bracelet (Dory Dangle) 
Finding Dory Easter Egg Bracelet wrapper 
Mandarin Oranges (store brand can) Fruit 
Mandarin Oranges (store brand can) Fruit 
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Table C.2. Concentration of Pb in commercial foods that produced a competent pellet. 
 

Store Food Pb Concentration (μg g-1, dw) 
Sendik’s Crystalized Ginger 26.5 
Cermak Diced Peaches 0.5 
Cermak Diced Pears < 0.3 
Cermak Dried Ginger 0.6 
Asian Market Dried seaweed < 0.3 
Asian Market Dried seaweed < 0.3 
Walgreens Finding Dory Easter Egg < 0.3 
Sendik’s Fresh Ginger 0.9 
Cermak Fresh Ginger 6.9 
Cermak Green Mukhwas < 0.3 
Pick-N-Save Hi-Chew 2.9 
Asian Market Jack fruit < 0.3 
Cermak Lychee < 0.3 
Cermak Mandarin Oranges < 0.3 
Pick-N-Save Mandarin Oranges < 0.3 
Cermak Mandarin Oranges 33.4 
Asian Market Mustard in Soy < 0.3 
Cermak Pickled Beets < 0.3 
Pick-N-Save Seaweed 21.1 
Cermak Seaweed (Dried Roland) < 0.3 
Cermak Seaweed (Roasted Roland) < 0.3 
Cermak Seaweed (Yaki Nori) < 0.3 
Cermak Sushi Ginger 1.8 
Asian Market Tamarind leaves < 0.3 
Asian Market Tamarind leaves 1.1 
Sendik’sra Tamarind Stir Fry < 0.3 
Asian Market Turmeric 1.2 
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Appendix D: Additional Pb Accumulation Data 

Background 

Additional vegetables were grown in this study which are not discussed in Chapter 4. The 

produce was either limited in sample size (e.g. okra, peanuts) or the tissue group was represented 

by another vegetable (e.g. rutabagas). The majority of samples were part of a pilot greenhouse 

study, which was limited to soils from the Former Foundry and two small buckets of soil from 

Residence 1.  

Methods 

Vegetables grown outside the greenhouse follow methods described in Chapter 4 and 

heavy metal concentrations quantified as described in Chapter 3. Vegetables grown inside the 

greenhouse as part of the pilot study were grown under lights in a climate-controlled 

environment. Produce was harvested, processed, and concentrations of metals quantified 

similarly to Chapter 3 using pilot WD-XRF quantification routine named “Plants Pressed.” 

Results 

Pb accumulated in consumable produce grown in the pilot greenhouse study (Table D.1) 

and in additional vegetables grown outside as part of work described in Chapter 4 (Table D.2). 

This work suggests a larger variety of produce could increase Pb exposure if consumed.  
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Table D.1. Pb concentration in vegetables grown in greenhouse pilot study. 

Soil 
Source 

Soil Total Pb  
(ug g-1) 

Pb in Produce (ug g-1, dw) 
Turnip Bulb Turnip Leaf Rutabaga Bulb 

F
or

m
er

 F
ou

nd
ry

 

724 0.1 – 0.3 
753 0.1 – 0.3 
1300 0.2 0.2 0.3 
1500 0.1 0.3 0.3 
1700 0.3 0.3 0.3 
1800 5.7 2.8 0.3 
1800 2.1 – 0.3 
1800 2.1 0.3 2.3 
1900 4.4 1.2 0.3 
1900 0.2 0.3 0.3 
2200 4.4 1.3 1.2 
2400 3.4 – 0.3 
2600 3.4 – 1.2 
2900 3.4 – 1.2 

R
es

id
en

ce
 1

 

2100 12.9 – 1.8 

2500 – 3.5 2.8 

 

Table D.2. Net intensity of secondary X-rays in additional produce samples.  

Soil Vegetable Tissue Cr (Int) Pb (Int) Ni (Int) 
Site 11 Peanut Nut 1.031902 0.082997 0.983059 
Home Depot Okra Fruit 0.362656 0.13434 0.810244 
Foundry Okra Fruit 0.436709 0.336417 1.113889 
Foundry Okra Leaf 0.477033 0.561727 1.166593 
Site 11 Peanut Leaf 0.366246 0.69908 0.758822 
Foundry Peanut Leaf 0.379745 1.265027 1.588249 
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Appendix E: XRF Spectra and XRD Defraction Patterns 

XRF spectra and XRD defraction patterns generated in this study is provided to Dr. Tim 

Grundl in the Department of Geosciences on a USB flash drive for archival purposes. The 

following folders are included on the flash drive: \\Appendix D - Raw Data 

01 – WD-XRF Spectra\ 

02 – ED-XRF Spectra\ 

03 – Bruker Training PPT\ 

04 – Bruker Software\ 

05 – XRD Patterns\ 

The following files are included on the flash drive: \\Appendix D - Raw Data 

 PDZ Summary.xlsx 

Pressed Pellet 2.xlsx 

Pressed Pellet.xlsx  

The following provides further explanation of folders and files on the flash drive.  

WD-XRF 

The WD-XRF software stores the results of the measurement routines as .ssd files that 

can only be read by proprietary software. A data-dump of .ssd files is provided in the folder “01 

– WD-XRF Spectra” – please note this includes files not associated with this study. The names 

of the files correspond to the names of samples. A summary export from the Bruker software of 

produce samples analyzed between 8/19/14 and 2/18/19 using the “Pressed Pellet 2” routine 

(n=937) is provided in the Excel file “Pressed Pellet 2.xlsx”. A summary export from the Bruker 

software of produce samples analyzed between 9/24/13 and 4/16/14 as part of the pilot 

greenhouse study (n=98) using the “Pressed Pellet” routine is provided in the Excel file “Pressed 
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Pellet.xlsx.” Both Excel files have a workbook named “Read Me,” with further details on the 

files.  

ED-XRF 

The ED-XRF software writes the spectra to .pdz files, which can only be read by 

Bruker’s proprietary software or by an add-on to Excel. The .pdz files associated with this study 

are stored in subfolders within the folder “02 – ED-XRF Spectra.” These files are organized by 

folders describing the date the routine was completed (n=1,252 files in 18 folders). Please refer 

to the lab notebook for a description of each sample. Training PowerPoint slides from Bruker on 

using the ED-XRF and analyzing spectra are saved in the folder “03-Bruker Training PPT.” 

Another excellent online training resource for working with these spectra is https://xrf.guru/. 

Software programs from Bruker used to read ED-XRF spectra are saved in the folder “04-Bruker 

Software.” The spectra can be read by the program “S1PXRF.” The spectra can be read and 

manipulated (e.g. basian deconvolution, peak matching, data export, etc.) in Buker’s software 

package “Artex”. The Excel add-on “S1CalProcess” reads, imports, and bins the .pdz files for 

development of custom calibration routines. Again, please see either the training PowerPoint 

slides or the online training resource for instructions on how to use S1CalProcess. Please note 

that more recent versions of Excel (e.g. version 365) may not be compatible with this add-on. A 

summary of the PDZ files with binned data is provided as “PDZ Summary.xlsx.” The Excel file 

has a “Read Me” workbook with additional documentation.  
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XRD 

The XRD software writes the diffraction patterns to .raw files which is then imported into 

another piece of software which is used to match peaks. After matching peaks, the file is then 

saved as an .eva file. The .raw and .eva files for the four soils are included in the folder “05-XRD 

Patterns” and can be read by the dedicated XRD computer in the geosciences X-ray lab. 
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