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ABSTRACT 

 
REDUCING PB BIOACCESSIBILITY IN SOIL  

THROUGH THE ADDITION OF APAITE II: 

A SOIL COLUMN EXPERIMENT 

 

Zachary R. Tondre, M.S.  

 

The University of Texas at Arlington, 2013 

 

Supervising Professor:  Andrew Hunt  

 This study was an investigation of the bioaccessibility of Pb in the presence of 

phosphate acting as an immobilizing constituent in the form of fish bone material, specifically 

Apatite II. Phosphate-induced Pb immobilization refers to the process by which Pb ions replace 

calcium ions and form insoluble Pb-phosphate. A commercially available A-horizon soil was 

spiked with dried Pb-bearing paint containing various Pb forms (e.g., carbonates, sulfates, and 

oxides). The paints were added to the soil at 2% weight for weight (w/w). The paints (in solid 

form) were initially ground and sieved through a <100 micron mesh to provide a <100 µm size 

fraction. Once a paint was mixed with a soil, typically in duplicate, replicates were either 

retained or further amended with Apatite II.  Soil columns were created using a series of 250 mL 

syringes individually filled with each paint spiked soil sample, some of which were amended 

with Apatite II at 5% w/w. For six months the columns were eluted regularly with Milli-Q water 

and at six months, subsamples were removed from the top of each soil column in order to 

evaluate any change in potential bioaccessibility of the Pb associated with soil. Thus, this work 
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focuses on the bioaccessibility of Pb in a group of soil column samples based on the weak acid 

solubility of the Pb in the soil, and on an electron microscopic analysis of the Pb in the soils. 

 Each soil column sample was subjected to an in vitro relative bioaccessibility 

assessment (RBA), in which a simulated gastric fluid (SGF) was used to simulate and project 

the effects of digestion on the Pb contaminated soils. The SGF was intended to mimic the acidic 

quality of the human stomach and yields approximate results of how much Pb could potentially 

be released into the acid solution through human digestion. The SGF solution was essentially 

composed of hydrochloric acid (HCL) adjusted to a pH of 2.5. From the soil columns, 3g of soil 

were removed and 1g was added to 100 mL of SGF and then tumbled for 1 hour at 37°C in a 

modified toxicity characteristic leaching procedure system. After this time a sample of the fluid 

was collected an the amount of Pb in the fluid was measured. 

 Photomicrographs of each soil column were obtained using a scanning electron 

microscope with a back-scattered electron detector and an energy dispersive x-ray 

spectrometer. These digital images were used to determine the chemical nature of various Pb-

bearing constituents within each soil sample.  

 This study concluded that the addition of Apatite II led to a reduction in the 

bioaccessibility of Pb in some of the test soils, determined through differences in in vitro RBA 

and through the recognition of Pb-phosphate particle phases in the soil samples. Previous 

studies have found that the addition of Apatite II as a remediation technique for Pb 

contaminated soil can be successful, however this is the first time that Pb contamination of the 

soil has been in the form of Pb-bearing paint. Furthermore, this study is notable for identifying 

changes in Pb bioaccessibility of Pb derived from Pb-bearing paint over the short time-span of 

six months. 
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CHAPTER 1 

INTRODUCTION 

1.1 Purpose of Study 

Pb is a poisonous heavy metal and as a neurotoxin is particularly damaging to 

developing cells and tissue, making Pb especially toxic to children. Pb poisoning can cause 

severe health effects and drastically diminish the development and function of the nervous 

system. Toxic substances, such as Pb, warrant a significant amount of study in order to 

understand the effects and to protect the public from the consequences of substantial 

exposure (Goyer and Rhyne 1973, Rossi et al. 2012). Considerable research is also 

required to develop strategies to remediate notable contaminations or releases of any toxic 

medium. Accidents are not 100% preventable and can happen with any situation, so it is 

important to be able to deal with an accidental environmental release of toxicants.  

Pb contamination is principally a concern in dust and soil within typically older urban 

residential areas (Lanphear and Roghmann 1997). Socioeconmic status is also a significant 

influence on Pb impact and contamination (Hunt et al. 2012). Prior to 1960, most paints were 

heavily leaded throughout the U.S. and were used in most applications including the paint on 

toys and in houses (Beauchemin et al. 2011). Pb was also previously used as an anti-knock 

agent fuel additive (Meyer et al. 2008, Monna et al. 1997). Also, mining and smelting 

practices can lead to potential Pb exposures. The handling of Pb bullets in the home and the 

discharge of firearms at shooting ranges can result in exposure threats (Bernard et al. 1995, 

Goyer and Rhyne 1973, Plumlee et al. 2013, Ming et al. 2012).  

Nowadays, the dominant source of Pb exposure, especially for children, is due to 

the deterioration of Pb-based paints, although contaminated dusts including those from 

leaded gasoline are still of great importance (Mielke and Reagan 1998). Within most 

households throughout the world, Pb dust concentrations are below the current acceptable 
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limits, but all exposures vary and when including all possible route of exposure, a vast 

majority of children may be at risk for adverse health effects from Pb (Han et al. 2012). 

Certain forms of Pb compounds commonly found in indoor dusts have been shown to 

undergo an aging process, transforming into more bioaccessible forms over time. The Pb 

dust problem is only exacerbated with time and is creating the potential for additional 

exposures (MacLean et al. 2013).  

Children are especially susceptible to the damaging effects of Pb because they are 

still developing and are usually exposed to greater concentrations due to mouthing 

behaviors (Lanphear and Roghmann 1997, Beauchemin et al. 2011). Because infants 

explore their environment through mouthing behavior, the inadvertent ingestion of Pb-

contaminated soil and dust through the transfer of such media by hand-to-mouth activity is 

an important exposure route. Even low-level Pb exposures can cause deleterious deficits 

and reduce intelligence and cognitive ability (Banks et al. 1997, Rossi et al. 2012). This is 

because in young children the blood-brain barrier is still developing and Pb can readily enter 

the brain and interfere with synaptic plasticity (the ability of synapses in the brain to 

strengthen or weaken over time) and synaptic plasticity is one of the most important 

neurochemical foundations of learning and memory. It is thought that, in part, this happens 

when Pb interferes with the release of glutamate, a neurotransmitter important for learning, 

thus making Pb toxic to neurons (Xu et al. 2009). Similarly, some minor renal effects have 

also been documented, as well as significant auditory impairment at considerably low blood 

Pb concentrations (the biomarker for Pb exposure) resulting from low-level Pb exposure 

(Bernard et al. 1995, Osman et al. 1999, Goyer and Rhyne 1973).  

 Environmental Pb exposures are decreasing in prevalence, which is easily 

maintained through the reduction and remediation of major exposure routes, but Pb 

poisoning is still a significant neurotoxic condition in terms of severity and occurrence 

(Plumlee et al. 2013). The banning of leaded gasoline caused a significant and rapid drop in 

average blood-Pb levels in most countries (Meyer et al. 2008, Monna et al. 1997). In the 
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United States this was considered one of the great public health triumphs of the twentieth 

century (Needleman 2000). Unfortunately, Pb-containing soil and dust still serves as 

prominent sources of childhood exposures (Lanphear and Roghmann 1997, Hunt et al. 

2012). 

1.2 Research Objectives and Hypotheses 

 The relative bioaccessibilities (and toxicities) of different Pb-phases in soil are 

subject to their relative solubility. Solubility is the ability of a substance to dissolve. In the 

process of dissolving something, there is a solute and a solvent. The solute is the substance 

that is being dissolved and the solvent is the substance that is doing the dissolving. Solubility 

is known to be the maximum amount of solute that can be dissolved in a solvent at 

equilibrium. Equilibrium is when the rates of forward and backward reactions become stable 

after the reaction has taken place and concentrations become constant. The solubility 

product constant (Ksp) quantifies the equilibrium between a solid and its respective ions in a 

solution. The value of the constant identifies the degree to which the compound can 

dissociate in water. Compounds that are more soluble have higher Ksp values. Ksp is 

defined in terms of activity rather than concentration because it is a measure of a 

concentration that depends on certain conditions such as temperature, pressure, and 

composition. It is influenced by surroundings and is in part a function of the linkage between 

intrinsic solubility and relative dissolution rates. The equilibrium solubility of a given mineral 

and its dissolution kinetics profoundly affect the bioaccessibility. 

For a given solid, MxLy, a general dissolution reaction is: 

H2O 

MxLy(s) ⇔ xMy+(aq) + yLX- (aq), 

where My+ (aq) and Lx- (aq) are the aqueous metal and ligand ions M and L, 

respectively. An equilibrium constant for this reaction is defined as: 

K ≡ [M y+]x [L x-]y 

     [Mx Ly] 
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where [ ] denote activities. A solubility product is then defined as: 

Ksp  ≡    K 

              [Mx Ly] 

If the solid MxLy is in its standard state then [Mx Ly]becomes unity and Ksp becomes: 

Ksp = [M y+]x [L x-]y 

For a fixed activity of Lx-, the solid with the smallest numerical value of Ksp will 

support the smallest equilibrium activity of My-. Recognition that the solubility product serves 

as a relative constraint on the reactivity and potential toxicity of Pb in surficial environments 

provides a strategy for environmental treatment. 

The orthophosphate ion forms sparingly soluble solids with several toxic metals, 

including Cd, Zn, and Pb. The Pb-phosphates are some of the most insoluble Pb(II)-solids 

known to form under surficial geochemical conditions. At standard state, the Pb-phosphates 

are many orders of magnitude less soluble than other Pb-phases (for example, galena 

(PbS), anglesite (PbSO4), cerussite (PbCO3)). The Pb-phosphates Pyromorphite 

(Pb5(PO4)3Cl) and Hydroxypyromorphite (Pb5(PO4)3OH) are extremely insoluble with Ksp 

values of  10-84 and 10-77 respectively. As noted earlier much research has focused on using 

phosphate products to convert constituent Pb-phases in soil to highly insoluble Pb-

phosphate phases. Reducing the solubility of soil-Pb and hence lowering the bioaccessibility 

of soil-Pb has the potential to render it less toxic. The phosphate product of choice used in 

this study is the biogenic Apatite II (fish bones). The anticipated chemical reaction is: 

Apatite dissolution: 

Ca5(PO4)3OH + 7H+↔ 5Ca2+ + 3H2(PO4)- + H2O 

Pb Phosphate Precipitation: 

5Pb2+ + 3H2(PO4)- + H2O ↔ Pb5(PO4)3OH + 7H+ 

 The purpose of this study is to affirm the potential of applying Apatite II as a 

reasonable remediation strategy for Pb contaminated soils and its effectiveness to reduce 

Pb bioaccessibility in soil. Specifically, the study aimed to demonstrate that Apatite II would 
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be an effective stabilizing agent in soils where Pb-bearing paint was the dominant original 

source of the Pb. Pb-paint contamination of soil is typical in situations were Pb-bearing paint 

has been applied historically to the exterior walls of residences and other buildings, and over 

time it has corroded off the surface and deposited on the soil at the building line. 

 Pb is capable of substituting for calcium and forming a precipitate in the form of 

pyromorphite, effectively reducing Pb solubility. Apatite II should provide the necessary 

phosphate for the Pb to bind to and the addition of Apatite II to contaminated soil should 

cause a reduction in Pb bioaccessibility. The other significant aspect of this study is to 

determine the effectiveness of this process after only 6 months. These results will be, to a 

degree, subjective, but a significant reduction in Pb bioaccessibility is expected even after 

the short time period of only six months. 
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CHAPTER 2 

BACKGROUND INFORMATION 

2.1 Previous Research in Pb Remediation 

Pb has been studied thoroughly throughout the years and a multitude of remediation 

strategies have been developed, all to varying degrees of success and feasibility. In vivo 

experiments have been performed, many using juvenile swine, to examine the effects of Pb 

on a true biological system, but these types of studies are difficult to rely on because animal 

models are sometimes notably different from humans in terms of anatomy and physiology. 

These studies also tend to be very expensive and are thus unrealistic to be used in 

abundance (Deshommes et al. 2012). 

Vitrification typically involves the use of high voltage electrical currents or 

microwave technology that work to immobilize the soil by necessarily converting it into a 

glass matrix.  The inorganic material in the soil is melted with high temperatures (1,600 to 

2,000°C), volatilizing any organic contaminants in the soil. This process is a high-cost, 

environmentally unfriendly strategy that leaves glass blocks in the soil deterring future plant 

growth. Although, it has been shown to be extremely effective at reducing the Pb 

concentration in contaminated soils. One study effectively reduced the concentration of Pb in 

a test soil by 93% and well below the EPA regulatory limit through microwave radiation 

vitrification (Martin and Ruby 2004, Jou 2006). 

Binding agents may be added to the soil to immobilize the Pb through chemical 

reactions to minimize the contaminated surface. This technique is called solidification or 

stabilization and utilizes conventional earth-moving equipment, injection grouting, and 

vertical auger mixing. These methods essentially render the soil useless, but techniques 
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utilizing ordinary Portland cement and rice husk ash have yielded significant results (Marin 

and Ruby 2004, Yin et al. 2006). 

Phytoremediation is the use of plants to extract contaminants from the soil. Certain 

species have an affinity for metals, especially Pb, and accumulate these metals in their 

tissues. This method can remove a considerable amount of Pb from the topsoil and is 

considered less destructive to the soil, but it can have negative biological impacts for in situ 

remediation projects because it introduces foreign, sometimes invasive species into a 

community. Once extraction is halted, the plant biomass can be harvested, but viable uses 

for this byproduct are still being researched (Martin and Ruby 2004, Hassan et al. 2008). 

Electrokinetic remediation involves the installation of electrodes carrying a low-

intensity direct current into the soil, by which metals become desorbed from the soil and may 

be eliminated through the application of ion exchange resins, pumping water, precipitation, 

excavation, and/or electroplating. Soil characteristics can have profound ramifications on the 

effectiveness of this strategy and its capabilities are questionable at best, although it has 

been shown to be somewhat effective for fine-grained soils (Martin and Ruby 2004, Altin and 

Degirmenci 2005). 

Soil flushing utilizes water, usually with an additive to enhance the solubility of the 

contaminant, to extract contaminants from the soil by injecting the extraction fluid directly 

into groundwater or deep enough for the flushing solution to reach groundwater. The 

groundwater is then extracted, treated, and sometimes reused for further flushing. Although 

recycling is possible and more cost-effective, the process is still relatively expensive. Also, 

major concerns have been drawn as to how much flushing solution is eventually removed 

and how much is left behind or lost to groundwater (Martin and Ruby 2004). 

Phytostabilization is another technique that utilizes plants for remediation purposes. 

This technique simply involves using plants to preserve the soil and provide protection 

against water infiltration, soil erosion, and further metal leaching. This process simply 
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reduces the mobilization of metals in the soil, but does not provide any removal of the 

contaminant (Martin and Ruby 2004, Testiati et al. 2013). 

The lowest cost options, while cheap, leave the contamination in place. Practical in 

situ interventions have included, fencing to limit access, covering (capping) with 

uncontaminated soil, dilution by roto-tilling with uncontaminated soil, vegetation barrier 

interventions such as promotion of grass growth or planting bushes, and changing the use 

pattern of the yard (Mielke et al. 2006, Elias 1989, Binns et al. 2004, Litt et al. 2002). These 

practices have limitations, the most serious of which is that the Pb remains in the soil, thus 

the exposure risk is still present. 

 Chemical stabilization requires chemical alteration of the soil chemistry, most 

commonly through the addition of minute concentrations of a chemical amendment. Most 

commonly, phosphate has been used and proven efficient for the immobilization of Pb and 

many other metals, although oxides, Fe- and Mn-, have been shown to be useful for some 

contaminants (Martin and Ruby 2004, Komarek et al. 2013). 

 The most commonly used remediation technique for Pb contaminated soil is 

excavation and removal (A.K.A. “dig and dump”). The method clearly eliminates the problem 

but it has several drawbacks. The process can be expensive, excavating the soil, 

transporting it away to a hazardous waste landfill, and hauling in clean soil. Such a costly 

process may not be economically or environmentally feasible to carry out in high-density 

urban areas. Moreover, the presence of Pb in landfill wastes can pose a long-term 

environmental hazard.  The foregoing brief review highlights the difficulties of selecting an 

appropriate remediation model for a specific site. However, several of the technologies 

discussed have potential for addressing Pb-contaminated soils in a cost-effective manner. 

The EPA’s action level for soil Pb content is now 400 µg g-1 for Pb in bare soil in children's 

play areas or 1200 µg g-1 average for bare soil in the rest of the yard (CFR 2001). Potentially, 

many Pb contaminated soils, especially within inner cities, now likely exceed that level (in 

some instances, perhaps by an order of magnitude), and the need to implement cost-
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effective remediation will likely grow. Concomitantly, there will be a need for information on 

the “best possible” remedial practices for specific site types. 

2.2 Previous Research in Apatite-Mediated Remediation  

 Recently Apatite II has become a significant focus of study in the field of 

remediation. Nevertheless, phosphate has long been understood to be effective at reducing 

the mobility and solubility of Pb and other metals (Martin and Ruby 2004). Although, the fish 

bone product, Apatite II, has been shown on multiple occasions to be the most effective 

remediation amendment, in both theoretical and true application experiments (Raicevic et al. 

2006, Raicevic et al. 2005). 

 Pb’s affinity for apatite has been proposed and validated in a plethora of recent 

studies. Using apatite particles from natural phosphate rocks, Pb has been shown to exhibit 

much higher sorption rates than zinc in experimentally contaminated aqueous solutions. This 

study proposed the use of organic metal ligands with reactive apatite surfaces as a low cost 

and environmentally stable remediation strategy (Saoiabi et al. 2012). The same team found 

that organo-apatites prepared with varying acids into powders produced faster sorption rates 

and higher sorption capacities for Pb ions under acidic conditions. This bodes well for the 

use of apatite constituents as stable complex forming remediators (Saoiabi et al. 2013). 

 Another study utilized Apatite II to remediate an acid mine drainage in a subsurface 

permeable reactive barrier. Pb precipitation was found to occur directly on the original 

Apatite II material and has significantly reduced Pb concentrations in the shallow alluvial 

groundwater bearing unit. Over 5 years, 30% of the Apatite II was consumed and a total of 

91 kg of Pb was removed (Conca and Wright 2006). 

 Pb removal from an aqueous solution via hydroxyapatite dissolution coupled with 

hydroxypyromorphite precipitation at 37-100% efficiency seems to support the validity of 

apatite as a valuable in situ remediation tactic for Pb immobilization. This potential was 

confirmed in a study showing the formation of amorphous metal phosphates in the presence 

of aqueous Al, Cd, Cu, Fe(II), Ni, and Zn and further concluded that hydroxyapatite was 
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especially effective at removing Pb at lower concentrations, but was still utilizable at higher 

concentrations (Ma et al. 1994). 

 Specifically the biogenic hydroxyapatite, Apatite II, has been shown to be the most 

effective metal inhibitor through metal-phosphate reactions. This fish bone material is a 

competent remediation material for many metals including, but not limited to, Zn, Mn, Fe, 

and especially Pb. Lead’s affinity for Apatite II progresses to the reactive formation of the 

mineral pyromorphite. This binding leaves Pb particles relatively insoluble and thus reduces 

bioaccessibility (Oliva et al. 2010, Raicevic et al. 2006). 
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CHAPTER 3 

MATERIALS 

The soil used in this experiment was Ward’s Natural Science A-horizon soil, which is 

commercially available and was used in every separate soil column in order to minimize 

variability in soil characteristics and thus experimental outcomes. A-horizon soil was used 

because it is the uppermost soil horizon where the majority of chemical reactions occur and 

this specific sample set had a uniform soil matrix and relatively low metal concentrations.  

Ten different Pb-based paints were used to spike the soil columns, provide by Dr. 

Michael Rabinowitz of Woods Hole Oceanographic Institution. Each paint differed in its Pb 

content and mineralogy of the constituent Pb phases. The types of other inorganic 

constituents present within the paints were also very diverse. Most samples were not 

connected with a specific paint manufacturer, although the names Dutch Boy and Eagle 

Picher were associated with some samples. The paints were originally received in dried, 

semi-liquid, and liquid forms, the latter were subsequently dried and all the dried paints were 

ground in an agate pestle and mortar. Grinding the paint was considered appropriate in our 

efforts to simulate more realistic conditions where Pb-bearing paint might be weathered from 

exterior surfaces and enter the environment. A nylon mesh with 100 µm openings was used 

to screen the powdered paint chips and provide a more consistent sample. Paint was added 

to the soil at 2% w/w. 

Apatite II was added to some of the duplicate soil columns as 5% w/w, obtained 

from PIMS NW, Inc., Richland, Wa 99352. Apatite II is a biogenic apatite (fish bone material) 

with the basic chemical formula Ca10-xNax(PO4)6-x (CO3)x(OH)2, where x < 1, which provides 

the phosphate necessary to immobilize the Pb. Previous studies found that the Pb-

phosphate reaction occurred adequately with 3% w/w and 5% w/w additions of Apatite II 
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(Wright et al. 2006). Fish bone was used as the source of phosphate primarily due to its low-

cost. As an abundant waste product of the fishing industry, it is readily available at a 

reasonable price and is thus a relatively sustainable remediation technique. Also, due to the 

slow release of phosphorous it can provide an ample supply of the necessary reagent over 

an extended period of time. 

Where possible, four replicates of each soil-paint mix were produced, whereby two 

duplicates were amended with the reactive apatite II. 
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CHAPTER 4 

METHODOLOGY 

The basis of the research hinged upon the construction of a soil column experiment 

consisting of polypropylene syringes fastened vertically along seven wooden racks. Each 

syringe contained 49 g of soil spiked with 1 g of Pb-based paint. Some soil columns also 

received 2.5 g, 5% w/w, of Apatite II. The columns were set up as duplicate and occasionally 

triplicate soil columns (Table 4.1). Seven water pumps, each with ten hoses, supplied the 

soil columns each with 30 mL of Milli-Q water per week (Figure 4.1). Each syringe tip was 

attached to a 50 cc tube to collect and retain the water that had percolated through the soil 

columns.  

After 6 months approximately 3 g of soil was removed from each soil column and air 

dried and divided into three separate 1 g samples. Any remaining soil (in excess of the 3 

separated grams of soil) was placed in a test tube and ultrasonically dispersed in 20 mL of 

methanol for five minutes. An aliquot of the soil in suspension was filtered through a 25 mm 

diameter, 0.4 µm pore size, polycarbonate membrane under vacuum. The filter was 

subsequently attached to a glass slide with an intervening layer of conducting graphite paint 

and submitted for SEM analysis.  

Initially, the elemental composition and the size and shape of the constituents of the 

ground microscopic paint particles were characterized at the individual particle level using a 

scanning electron microscope (SEM) equipped with a light element, silicon drift detector, for 

energy dispersive X-ray (EDX) analysis. A variable pressure ASPEX personal SEM (PSEM) 

was used for this purpose. 

The composition of the particles was determined by measuring the energy of the X-

rays collected by the EDX detector. The underlying principle of this technique is that each 
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element has a unique atomic structure allowing unique set of peaks on its X-ray spectrum. 

To stimulate the emission of characteristic X-rays from a specimen, the high-energy primary 

beam of electrons generated in the SEM (which also provides imaging information) is 

targeted at the specimen. The incident beam can cause the ejection of a specimen electron 

from its inner orbital shell creating an electron hole. The atom is then in an excited state, so 

to return to a ground state an electron from an outer, higher-energy shell, transitions to fill 

the hole, and the difference in energy when this transition occurs will be released in the form 

of an X-ray. The number and energy of the X-rays emitted when this happens is measured 

by the EDX detector. As the energy of the X-rays are characteristic of the difference in 

energy between the two shells, and of the atomic structure of the element from which they 

were emitted, this allows the elemental composition of the specimen to be measured. 

In the SEM, the backscattered electron image (BEI) mode was used for particle 

imaging. Backscattered electrons (BSE) are high-energy electrons originating from the 

primary electron beam, back-scattered out of the specimen after undergoing a number of 

elastic scattering interactions with specimen atoms. As high atomic number elements 

backscatter electrons more strongly than light elements, contrast in the BSE image is a 

refection of BSE yield, Thus, BSE are used to detect contrast between areas with different 

chemical compositions, the BSE image is essentially a compositional (density) image.  

The paint’s crystalline components (Pb fraction and other constituents) were 

determined by X-ray diffraction (XRD) with diffraction patterns collected with a Bruker D8 

Advance high-resolution powder diffractometer with a Bragg-Brentano geometry and 

monochromatic Cu-Ka radiation, with a copper tube operating at 40 kV and 40 mA; fixed slit 

optics with incident beam divergence = 1°, receiving slit = .015 and NaI detector with pulse 

discrimination. During data collection, the 2θ step size was 0.02°; the counting time per step 

was 2s; and the 2θ range = 2-90. 

The in vitro relative bioaccessibility (RBA) assay was conducted utilizing one of the 

3 g samples taken from the soil columns at time 6 months from 27 of the soil columns. For 
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the in vitro RBA the simulated gastric fluid (SGF) was produced by adding 30 g glycine to 1 L 

of deionized water and adding drops of HCL until a pH of 2.5 was reached, as per EPA 

methodology. This recipe was scaled up to produce enough SGF to fill the necessary 125 

mL wide-mouthed high-density polyethylene sample bottles used in the assay. Each of the 

sample bottles was filled with 1 g of the spiked (and amended or not with Apatite II) soil 

sample and 100 mL of the SGF. In addition as controls, one bottle was filled with 1 g of a 

control soil from the National Institute of Standards and Technology (NIST) plus 100 mL of 

SGF and 100 mL of SGF and one bottle was filled with 100 mL of SGF only. The toxicity 

characteristic leaching procedure (TCLP) extractor could hold twenty-four samples per 

batch. 

The TCLP extractor was maintained at a temperature 37°C while the twenty-four 

samples were rotated end-over-end at a speed of 28 rpm for one hour (Figure 4.2). The 

temperature 37°C mimics the approximate temperature of the human stomach and the 2.5 

pH SGF mimics the acidity of the human stomach. Although these parameters vary, they are 

expected to be relatively accurate averages.  

Following the one-hour rotation, an aliquot of extractant fluid was removed from the 

samples. A portion of the fluid was poured into a syringe fitted with a Luer-Lok attachment 

containing a 0.45 µm cellulose acetate disk filter. The samples were filtered to remove any 

solid particles or residue into glass tubes and capped. These samples were then stored at 

4°C in a refrigerator for one week before being sent off for the determination of extracted Pb. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to determine 

the bioaccessible Pb by measuring the Pb content of the extractant. A Perkin Elmer Optima 

3300DV ICP-OES instrument was used for this purpose. 

To determine how much Pb was mobilized by the in vitro RBA assay, the total 

amount of Pb originally present in the soil-paint samples and in the soil-paint-Apatite II 

samples needed to be determined. To do this, a hot acid digest was conducted to mobilize 

all the Pb in the samples. One of the collected 1g samples of soil was digested using a 
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modified version of EPA Method 3050B using a microwave digester.  The soil sample was 

digested with repeated additions of nitric acid (HNO3) and hydrogen peroxide (30%) (H2O2). 

In addition hydrochloric acid (HCl) was added to the initial digestate and the sample was 

refluxed. The quantity of Pb taken into solution by this digestion was determined by ICP-

OES. 

Table 4.1 Descriptions of Twenty-Seven Soil Columns 

Sample No. Pb Paint 
No. 

Pb Paint Color Apatite II 
Present 

2 007 RED YES 
3 007 RED YES 
4 007 RED NO 
5 007 RED NO 
7 008 BROWN YES 
8 008 BROWN YES 
9 008 BROWN NO 

11 010 LIGHT BROWN YES 
12 010 LIGHT BROWN YES 
13 010 LIGHT BROWN NO 
14 010 LIGHT BROWN NO 
16 012 GRAY/PURPLE YES 
17 012 GRAY/PURPLE YES 
18 012 GRAY/PURPLE NO 
19 012 GRAY/PURPLE NO 
21 013 WHITE YES 
22 013 WHITE YES 
23 013 WHITE NO 
24 013 WHITE NO 
26 058 BROWN YES 
27 058 BROWN YES 
28 058 BROWN NO 
31 060 GREEN/BLUE YES 
32 060 GREEN/BLUE NO 
37 076 GREEN YES 
38 076 GREEN YES 

38b 076 GREEN NO 
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Figure 4.1 Soil columns with water pumps. 

 

Figure 4.2 Toxicity characteristic leaching procedure extractor rotating selected soil samples. 
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CHAPTER 5 

RESULTS 

This study analyzed 27 soil samples collected from the soil columns, containing 

eight different Pb-rich paints. These paints are numbered according to their original 

accession designations 007 (red), 008 (brown), 010 (light brown), 012 (grey/purple), 013 

(white), 058 (brown), 060 (green/blue), and 076 (green), and the color of each was noted 

when the paint was dry. The crystalline constituents of these eight different Pb-based paints 

were determined by XRD analysis. 

The diffractograms produced by this analysis are set out in Figures A.1-A.8. Figure 

A.1, which is the diffractogram for Paint 007, clearly identifies the Pb-mineral minium 

(Pb3O4). Minium is one of the Pb-oxides (Pb-tetroxide), and is characteristically light-to-vivid 

red in color, and was likely used in this paint to impart the observed red color. No other 

crystalline phases were identified in this paint by XRD although other non-Pb-pigments were 

identified in the electron microscope (see below). In paint 008 the Pb-carbonate phases 

Cerussite and Hydrocerussite (Pb3(CO3)2(OH)2), were identified by XRD (Figure A.2). This 

paint was not white as one might expect from the presence of a white pigmenting agent such 

as Cerussite, however other inorganic materials were present in the paint that likely acted to 

modify the color. Compared to Pb-phoshate minerals, Pb-carbonate (PbCO3) is more soluble 

with a Ksp value of 10-14. Two forms of Pb-phosphate were identified in Paint 010 by XRD 

(Figure A.3); Pb Phosphate and Pb Phosphate Hydroxide (Pb10(PO4)6(OH)2). In addition, 

crystalline quartz was identified by XRD in this paint and was probably present as an 

extender pigment. The diffractogram in Figure A.4 identified two separate Pb-phases in Paint 

012; minium (Pb3O4), and a Pb-sulfate (Anglesite, PbSO4). Anglesite with a Ksp value 10-8 is 

also a relatively soluble Pb mineral. Anglesite, (PbSO4), was also recorded in Paint 013 
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(Figure A.4), as were quartz (SiO2), calcite (CaCO3), and zinc oxide (ZnO). While Pb was 

present in the other paints (058, 060, and 076), no specific Pb-bearing phases were 

identified in these paints by XRD. Amorphous Pb –phases could have been present, Pb-

silicates are known to have been used as extender pigments in paints, silica and litharge 

(PbO) can be fused directly at 980⁰C, and the melt run into water to granulate it. Other 

crystalline pigments identified in these latter three paints included: quartz (Paints 058 and 

076), calcite (Paints 058 and 060), zinc oxide (Paints 058 and 060), rutile (titanium dioxide, 

TiO2) (Paints 058 and 060), anatase (titanium dioxide, TiO2) (Paint 058), and barite (barium 

sulfate, BaSO4) (Paint 076). The Pb-bearing and other crystalline phases identified in each 

of the paints are listed in Table 5.1. 

Scanning electron microscopy examinations were performed to determine the paint 

characteristics such as Pb pigment particle morphology and size and chemical composition. 

Table 5.1 summarizes the SEM data for all paint samples, and the salient features of each 

paint are described below. The features of old Pb-bearing paint, that might find its way into 

soil, that will control the availability of the constituent Pb (and hence both its toxicity and its 

susceptibility to conversion) include: pigment size, Pb-composition (e.g., Pb-carbonate and 

Pb-sulfate have different solubility), the nature of the vehicle; and the types and amounts of 

other pigments and extenders in the paint. The vehicle, also known as the binder, is the 

carrier of the pigments and is composed of synthetic or natural resins, and it gives the paint 

durability and toughness. Not only will ease of access to the constituent Pb-pigment particles 

be controlled by the (dried) binder’s stability, but also the presence of large amounts of 

pigment (for coloring or extending) will reduce the quantity of the binder in the paint. 

5.1 Analysis of Pb-Bearing Paints Used for Spiking 

5.1.1 Paint 007 

This paint was highly variable in that many Pb-pigment particles of differing shapes 

and sizes were present (Figure B.1). Generally, the Pb-particles were platy or irregular and 
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small. Large magnesium silicate particles (probably talc) were also highly visible, and these 

and the other inorganic components were very abundant in the binder. 

5.1.2 Paint 008 

This paint appeared to be almost exclusively composed of hexagonal Pb-pigment 

particles most less than 5 µm in size (Figure B.2). This crystal habit is consistent with the 

mineral cerussite and clearly confirms the XRD results for this paint. There was also a 

noticeable minimal amount of binder in this paint suggesting that it might be readily 

susceptible to Pb mobilization. 

5.1.3 Paint 010 

In addition to substantial quantities of various inorganic phases (e.g., Si and Ti), this 

paint was characterized by irregular (morphologically indistinct) Pb-pigment particles less 

than 5 µm in size. The pigments in this paint were well dispersed in the matrix of the ground 

paint particles (Figure B.3), and the quantity of binder exceeded the amount of pigment in 

the paint. 

5.1.4 Paint 012 

Rod-shaped (acicular) Pb-pigment particles were the main component identified, but 

other Pb-particles were also present (Figure B.4). In addition, poorly crystalline silica 

particles were identified. XRD analysis had identified Pb-sulfate in this paint, and the acicular 

habit of much of the Pb is consistent with one of the crystal forms of anglesite. 

5.1.5 Paint 013 

The two main components of this paint were Pb-pigment particles generally less 

than 2 µm spherical in form sometimes with Zn cores, and Zn-oxide rods forming tetrapods 

(Figure B.5).  The spherical form of the Pb-pigment in this paint could be considered 

consistent with identification by XRD of anglesite in this paint, as on the macro scale 

anglesite can present with a nodular habit.  
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5.1.6 Paint 058 

Zinc tetrapods were also identified in this paint, but only as a minor component and 

strictly embed in the paint matrix. The Pb-phase particles were primarily equant (having no 

characteristic habit) and less than 5 µm in size. The various pigments in this paint were 

widely dispersed throughout the binder (Figure B.6) and were likely not readily accessible for 

modification if the vehicle was resistant to chemical alteration. 

5.1.7 Paint 060 

This paint contained irregularly shaped (no obvious crystal habit) Pb-pigment 

particles, most of which were smaller than 1 µm in size. These particles were primarily 

bound in the paint matrix with other particles generally containing Zn, Si, Mg, and Ca. These 

inorganic pigment elements were abundant in the binder (Figure B.7), and this offered the 

possibility of readily easy fragmentation of the grains under soil weathering conditions. 

5.1.8 Paint 076 

The Pb-pigment particles in this paint were generally less than 3 µm in size and 

exhibited a hexagonal or irregular structure (although no specific Pb-mineral type was 

identified by XRD). The vast majority of Pb was bound within the matrix of the paint particles. 

Barium sulfate pigment particles were also common and the elements Cr and Fe were 

identified in the matrix, although separate Cr- and Fe-bearing particles could not be 

identified. This was another paint with a larger quantity of inorganic pigment particles (Figure 

B.8), and relatively less binder. 
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Table 5.1 Pb-Bearing Particle Characteristics as Determined by SEM and XRD  

  

PB 
PAINT # 
(COLOR) 

PAINT PB 
PIGMENT 

PARTICLES BY 
SEM/EDX 

PB PARTICLES 
SIZE (µM) 

PAINT PB OTHER 
COMPONENTS 
BY SEM/EDX 

XRD 
COMPONENTS 

007 
(Red) 

Platy, irregular Platy & irregular <5 SiO, MgSiO, 
MgCaO, MgSiCaO 

Pb Oxide 
(minium) 

008 
(Brown) 

Hexagonal 
crystals, 
irregular 

hexagonal <5, 
irregular <1 

Ca, Si Pb carbonate 
(hydrocerussite), 
Quartz 

010 
(Light 

brown) 

PbCO, PbPO, 
irregular 

Irregular Pb 
particles <5 

SiCaMg, Si, SiAl, 
Ti, fibrous Talc 

Pb phosphate, 
Pb phosphate 
hydroxide, 
Quartz 

012 
(Grey 

Purple) 

PbO rods, Pb in 
Si equant 

PbO rods <5, 
irregular PbSiO <10 

Amorphous Silica 
(not crystallized), 
SiO 

Pb sulphate 
(anglesite) 

013 
(White) 

PbO rounded, 
Zn cored 

Rounded PbO <2 ZnO(tetrapods), 
ZnO (rods) 

Quartz, Zn 
oxide, Calcium 
carbonate 
(calcite). No Pb-
phase identified. 

058 
(Brown) 

Pb equant Pb particles <5 ZnO(tetrapods), Ti, 
SiCaO, MgSiO, 
SiO, MgCaSiO, , 
Zn rods, Zn 
tetrapods 

Quartz, Ti oxide 
(rutile, anatase), 
Zn oxide, Mg 
calcite. No Pb-
phase identified. 

060 
(Green 
Blue) 

Pb irregular Pb irregular <2.5, 
most <1.0 matrix 
bound 

MgSiO, ZnO, 
MgSiCaO 

 Ti oxide (rutile, 
anatase), Zn 
oxide, Calcium 
carbonate 
(calcite). No Pb-
phase identified. 

076 
(Green) 

PbCO 
(hexagonal) 

Pb hexagonal <2.5, 
most <1.0 matrix 
bound 

BaSO, AlSiO, SiO, 
Cr, Fe 

Quartz, Barium 
sulphate 
(barite). No Pb-
phase identified. 



 

 23 

5.2 Analysis of the In Vitro Relative Bioaccessibility Assay Results 

The results from the in vitro assay for the Pb-paint spiked soils that were either 

amended, or not, with Apatite II and were removed from the soil columns after 6-months are 

presented in the Table 5.2. 

The important data from this table, and the averaged results set out in the graphs in 

Figures 5.1-5.8, are the changes in in vitro RBA. This is the percentage change in the 

amount of Pb taken into solution during the in vitro weak acid attack between the soil 

columns with and without Apatite II amendment and with the same paint spiking. For 

example, in the case of soil spiked with Paint 007, at the six-month time point, while 

approximately two thirds of the total Pb in un-amended soil was bioaccessible as determined 

by our in vitro attack approximately only two fifths of the total Pb was bioaccessible in the 

soil that had been amended with Apatite II. So, with this paint there was a reduction of just 

over 25% of the total Pb taken into solution (i.e. bioaccessible), as a result of the Apatite II 

addition. In the case of Paint 008, the reduction was even more dramatic (approximately 

60%).  

The results from this paint identify a limitation associated with this method. The in 

vitro RBA data for the unamended soil spiked with paint 008, and a few others, indicated that 

the amount of Pb solubilized was in excess of the total amount of Pb in the sample (>100%). 

Clearly, an impossible result, however, it needs to be remembered that the total Pb in the 

soil and the solubilized Pb in the soil were measured on two different samples. At the six-

month time point three grams of soil were extracted from the top of the soil column and one 

one-gram sample was submitted for total Pb determination while a second one-gram sample 

was submitted for in vitro RBA analysis. We hypothesize that there was a significantly 

different amount of Pb in these two subsamples (less in the sample submitted for total Pb 

analysis). We can envisage a situation in this soil, which has a high Pb content, that there 

may be an uneven distribution of the Pb-paint particles (perhaps a situation where there are 
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an unequal number of larger Pb-paint grains in one sample compared to another), leading to 

a marked difference in the total Pb in these samples.  

This is confirmed to some extent by differences in the total Pb data for these soils 

(one soil had approximately 50 % less total Pb than the others, See Table 5.2). Despite this 

uncertainty, it is likely that the Pb in this Pb-rich paint in the soil (previously identified as the 

relatively soluble mineral Cerussite) was likely totally solubilized (when Apatite II was not 

present) by the weak acid digestion. We consider this explanation, to be applicable to the 

data obtained from the soils spiked with Paints 012 and 013. Supporting this hypothesis is 

the recognition of a minimal amount of binder in Paints 008, 012, and 013 (as shown in the 

SEM images for the three paints). In the presence of little or no binder the Pb pigments 

would be readily exposed to acid attack in the in vitro assay. In such circumstances it is 

potentially possible for all the Pb in the soil from these paints to be dissolved by the weak 

acid in the in vitro assay.  Again despite this uncertainty, it seems likely that the addition of 

Apatite II affected a reduction in bioaccessible Pb of about 30% in the soils spiked with 

Paints 012 and 013.  

Reductions in soil Pb bioaccessibility were also recorded for soils spiked with Paints 

010, 058 and 060. Although in these soils the reduction was much less (approximately 10%).  

It is worth noting that Paints 010, 058 and 060 were associated at the paint particle level with 

substantial paint binder. This binder may have acted to inhibit access to the paint-Pb and 

allowed a limited degree of Pb immobilization through Apatite II addition. Lastly, in the case 

of Paint 076, the bioaccessibility of the Pb in this paint in the soil was essentially unchanged 

by the addition of the Apatite II. As discussed earlier, the form of the Pb in this paint was not 

identified, and its bioaccessibility was less than 10%.  Irrespective of whether the Pb in this 

paint was in a high insoluble form, or it was protected from dissolution by a highly stable 

binder, it might be expected that with an initial (i.e., un-influenced by the presence of excess 

P), bioaccessibility of <10% any further reduction because of an Apatite II addition would be 

limited.  To provide supporting (or contradictory) evidence for the results obtained from the in 
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vitro RBA assay, Pb particles present in the tested soils were inspected in samples 

submitted for SEM examination. 

5.2.1 Soil Columns 4 and 5 (paint 007 without Apatite II addition) 

Pb particles identified in soil column 4 were consistent with the original spiked paint. 

The Pb-bearing particles were present as pigment particles aggregated in a binder and Pb 

and Si were recorded in the obtained X-ray spectra (Figures C.1-C.4). Similarly the Pb-

bearing particles present in the soil extracted from this soil column were consistent with the 

original spiking paint (Figures C.5-C.7) and the possibility of some alteration of the original 

paint form was observed in the association with Mn in a few instances (Figure C.8),	  as it is 

well recognized that Pb in soil has a close affinity with Mn and Fe. 

5.2.1 Soil Columns 2 and 3 (paint 007 with Apatite II addition) 

Evidence of Pb modification in the soil was observed in both columns. The presence 

of Pb associated with what were obviously fragments of Apatite II (fish bone, composed of 

Ca and P) was recorded in soil from column 3 (Figures C.9 and C.10). In addition, the 

presence of Pb-bearing paint particles now associated with P were also evident in this soil 

(Figures C.11 and C.12). Similar findings were observed in the soil from column 2, Pb 

associated with fish bones was observed (e.g., Figure C.13), and original paint apparently 

unmodified could be identified in the soil (Figure C.14). 

5.2.1 Soil Column 9 (paint 008 without Apatite II addition) 

Pb-rich particles consistent with the original paint were identified in this soil (Figures 

C.15 and C.16). 

5.2.2 Columns 7 and 8 (paint 008 with Apatite II addition) 

The presence of Pb associated with obvious fragments of Apatite II (fish bone, 

composed of Ca and P) was identified in this soil from column 7 (Figures C.17 and C.18). 

Aggregates of the original paint (Figure C.19) and individual pigment particles from the 

original paint (Figure C.20) were also present in this soil. Similarly in column 8 the soil 

contained fish bone fragments containing Pb (Figure C.21 and C.22). 
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5.2.2 Columns 13 and 14 (paint 010 without Apatite II addition) 

Soil from column 13 contained Pb-rich particles consistent in form and composition 

with the original paint (Figures C.23 to C.26). These paint particles contained P which was 

probably associated with the Pb-phosphate phase identified in this paint by XRD. Likewise, 

soil from column 14 contained paint particles resembling the original spiking paint (Figures 

C.27 to C.30). 

5.2.3 Columns 11 and 12 (paint 010 with Apatite II addition) 

Soils from column 11 contained original Pb-paint particles associated with P 

(Figures C.31 to C.34) as did soil from column 12 (Figures C.35 to C.38). Fishbone 

associated with Pb was not readily observed which is probably consistent with the <10% 

change in RBA observed for this paint-spiked soil. 

5.2.2 Columns 18 and 19 (paint 012 without Apatite II addition) 

The Pb-rich particles in soil from column 18 (Figures C.39 to C.42), and from 

column 19 (Figures C.43 to C.46), were morphologically and compositionally in keeping with 

the original paint, although some degree of surface corrosion could be observed. 

5.2.4 Columns 16 and 17 (paint 012 with Apatite II addition) 

Soil from column 16 exhibited Apatite II fragments associated with Pb (Figure C.47) 

and untransformed aggregates of the original paint (Figure C.48). Soil from column 17 

revealed Pb-particles resembling the original paint but associated with P (figure C.49), and 

original Pb-particles present without modification (Figure C.50).  

5.2.2 Columns 23 and 24 (paint 013 without Apatite II addition) 

The Pb-rich particles in soil from soil columns 23 (Figures C.51 and C.52), and from 

soil column 24 (Figures C.53 and C.54), appeared to be unaltered original spiking paint 

containing Pb and Zn tetrapods. 

5.2.5 Columns 21 and 22 (paint 013 with Apatite II addition). 

Soil from column 21 contained Apatite fragments that were associated with Pb and 

Zn (Figures C.55 and C.56), as was the case for soil from column 22 (Figures C.57 and 
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C.58). This was to be expected if both the Pb and the Zn in the spiking paint were mobilized 

over the test period, as both Pb and Zn are known to be sequestered by phosphate products 

in soils. 

5.2.2 Columns 28 (paint 058 without Apatite II addition) 

The Pb-bearing paint particles present in soil column 28 had the appearance of 

unmodified particles of the original spiking paint (Figures C.59 and C.60). 

5.2.6 Columns 26 and 27 (paint 058 with Apatite II addition) 

Soil from column 26 contained Pb-bearing particles of apparently unmodified 

original paint (Figure C.61), and fish bone fragments associated with Pb (Figure C.62). 

Similar associations were observed in soil from soil column 27 (Figures C.63 and C.64). 

5.2.7 Column 32 (paint 060 without Apatite II addition) 

The soil from column 32 contained Pb-pigment particles in isolation (Figure C.65), 

suggestive of paint particle instability, and Pb-pigment particles aggregated in the same 

fashion as the spiking paint (Figure C.66). 

 5.2.7 Column 31 (paint 060 with Apatite II addition) 

Apatite II fragments with both Pb and Zn present were observed in the soil from this 

column (Figures C.67 and C.68), which is consistent with both Pb and Zn being present in 

the original paint. 

5.2.8 Column 38b (paint 076 without Apatite II addition) 

Pb-rich paint particles indistinguishable (in form and composition) from those 

present in the original spiking paint were abundant in soil form this column (Figures C.69 and 

C.70). 

5.2.8 Columns 37 and 38 (paint 076 with Apatite II addition) 

Interestingly, in soil column 37, Apatite II fragments were present not associated 

with Pb (Figure C.71), which is consistent with a lack of change in Pb bioaccessibility in this 

soil. In addition abundant Pb-bearing particles with the same composition as the original 
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spiking paint were readily identified in this soil (Figure C.72). Soil column 38 yielded similar 

associations (Figure C.73). 

Table 5.2 Calculated In Vitro Bioaccessibility of Pb as a Percentage of Total Pb. 

SOIL 
COLU

MN 

PAIN
T NO. 

APAT
ITE II 

TOTA
L PB 

IN 
SOIL 
(MG/
KG) 

IV 
EXTRA
CT PB 

IN 
SOLUT

ION 
(MG/L) 

EXTRA
CTED 
MASS 

(G) 

EXTR
ACT 

FINAL 
VOL. 
(ML) 

"ING
ES-

TED" 
MAS
S PB 
(MG) 

"ABS
OR-

BED" 
MASS 

PB 
(MG) 

IVBA 
(%) 

2 paint 
007 YES 8722.

51 34.02 1.00 100.00 8.72 3.40 39.00 

3 paint 
007 YES 11788

.21 49.64 1.00 100.00 11.79 4.96 42.11 

4 paint 
007 NO 8044.

00 46.30 1.00 100.00 8.04 4.63 57.56 

5 paint 
007 NO 12184

.00 92.72 1.00 100.00 12.18 9.27 76.10 

7 paint 
008 YES 5524.

00 31.06 1.00 100.00 5.52 3.11 56.23 

8 paint 
008 YES 12169

.83 104.60 1.00 100.00 12.17 10.46 85.95 

9 paint 
008 NO 12903

.42 136.40 1.00 100.00 12.90 13.64 105.7
1 

11 paint 
010 YES 2608.

00 8.542 1.00 100.00 2.61 0.85 32.75 

12 paint 
010 YES 2349.

06 9.571 1.00 100.00 2.35 0.96 40.74 

13 paint 
010 NO 4908.

07 23.11 1.00 100.00 4.91 2.31 47.09 

14 paint 
010 NO 4305.

14 18.39 1.00 100.00 4.31 1.84 42.72 

16 paint 
012 YES 7566.

97 44.04 1.00 100.00 7.57 4.40 58.20 

17 paint 
012 YES 12159

.14 92.15 1.00 100.00 12.16 9.22 75.79 

18 paint 
012 NO 11066

.93 121.2 1.00 100.00 11.07 12.12 109.5
2 

19 paint 
012 NO 14673

.20 142.4 1.00 100.00 14.67 14.24 97.05 

21 paint 
013 YES 3099.

52 20.63 1.00 100.00 3.10 2.06 66.56 

22 paint 
013 YES 3415.

95 25.96 1.00 100.00 3.42 2.60 76.00 

23 paint 
013 NO 3174.

73 35.21 1.00 100.00 3.17 3.52 110.9
1 

24 paint 
013 NO 4392.

00 49.89 1.00 100.00 4.39 4.99 113.5
9 
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Table 5.2 continued. 

SOIL 
COLU

MN 

PAIN
T NO. 

APAT
ITE II 

TOTA
L PB 

IN 
SOIL 
(MG/
KG) 

IV 
EXTRA
CT PB 

IN 
SOLUT

ION 
(MG/L) 

EXTRA
CTED 
MASS 

(G) 

EXTR
ACT 

FINAL 
VOL. 
(ML) 

"ING
ES-

TED" 
MAS
S PB 
(MG) 

"ABS
OR-

BED" 
MASS 

PB 
(MG) 

IVBA 
(%) 

26 paint 
058 YES 1710.

97 8.84 1.00 100.00 1.71 0.88 51.67 

27 paint 
058 YES 1645.

34 10.68 1.00 100.00 1.65 1.07 64.91 

28 paint 
058 NO 1470.

53 10.03 1.00 100.00 1.47 1.00 68.21 

31 paint 
060 YES 519.7

9 3.63 1.00 100.00 0.52 0.36 69.84 

32 paint 
060 NO 481.8

1 3.84 1.00 100.00 0.48 0.38 79.70 

37 paint 
076 YES 2779.

44 1.965 1.00 100.00 2.78 0.20 7.07 

38 paint 
076 YES 2004.

80 2.22 1.00 100.00 2.00 0.22 11.07 

38b paint 
076 NO 1923.

62 1.61 1.00 100.00 1.92 0.16 8.37 
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5.3 Summary 

The examined paints contained Pb-pigments (and other constituents) in a variety of 

crystalline forms as determined by XRD. The Pb forms identified included, for example: 

Anglesite (PbSO4) and Minium (Pb2PbO4); Hydrocerussite (Pb3(CO3)2(OH)2), Zinc oxide 

(ZnO), Calcite (CaCO3), and Rutile (TiO2); Pb Phosphate (Pb9(PO4)6), Pb Phosphate 

Hydroxide (Pb10(PO4)6(OH)2) and Quartz (SiO2); and Anglesite (PbSO4), Calcite (CaCO3), 

Zinc oxide(ZnO),  and Quartz (SiO2). When a crystalline form of Pb was not identified, it was 

assumed that the Pb was possibly present in an amorphous structure.  

The most significant outcome of this was that substantial quantities of Pb in Pb-paint 

present in soil can be rendered non-bioaccessible over a time period as short as six months. 

At the individual particle level, Pb was frequently found in association with fragmented 

Apatite II. At the imaging resolution of the SEM used in this study, a separate Pb-P 

crystalline phase was not identified (a cryptocrystalline product may have been present). 

What was recorded may have been an early stage in the development and maturation of 

more notable pyromorphite crystals. Consequential and significant pyromorphite crystal 

formation is desirable (larger crystals are less soluble), but these initial observations after 6 

months are promising. The results of the in vitro bioaccessibility assay are summarized in 

Figures 5.1-5.8. 
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Figure 5.1 Average Relative In Vitro Bioaccessibility Percent of Paint 007 Contaminated Soil 

Without vs. With Apatite II Remediation. 
 
 

 
Figure 5.2 Average Relative In Vitro Bioaccessibility Percent of Paint 008 Contaminated Soil 

Without vs. With Apatite II Remediation. 
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Figure 5.3 Average Relative In Vitro Bioaccessibility Percent of Paint 010 Contaminated Soil 

Without vs. With Apatite II Remediation. 
 
 

 
Figure 5.4 Average Relative In Vitro Bioaccessibility Percent of Paint 012 Contaminated Soil 

Without vs. With Apatite II Remediation. 
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Figure 5.5 Average Relative In Vitro Bioaccessibility Percent of Paint 013 Contaminated Soil 

Without vs. With Apatite II Remediation. 
 
 

 
Figure 5.6 Average Relative In Vitro Bioaccessibility Percent of Paint 058 Contaminated Soil 

Without vs. With Apatite II Remediation. 
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Figure 5.7 Average Relative In Vitro Bioaccessibility Percent of Paint 060 Contaminated Soil 

Without vs. With Apatite II Remediation. 
 

 
Figure 5.8 Average Relative In Vitro Bioaccessibility Percent of Paint 076 Contaminated Soil 

Without vs. With Apatite II Remediation. 
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CHAPTER 6 

DISCUSSION 

This study focused primarily on the reactive nature between Pb and phosphorous 

(P), specifically the inhibitory actions of P on Pb and its bioaccessibility. Apatite II, a biogenic 

hydroxyapatite (fish bone material), was added to soil columns contaminated with various 

types of ground Pb-based paint chips in order to obtain and develop an understanding of the 

relative speed at which pyromorphite crystals may be formed under these conditions. Many 

previous studies had shown that Pb in soil in the presence of excess P can be converted to 

the sparingly soluble mineral pyromorphite. The modification of soil Pb bioaccessibility in this 

study has provided new information on paint-Pb transformation to a sparingly soluble form in 

soil. Additionally, Pb-P binding variations due to variable paint formulations as a control on 

Pb mobilization was recognized. Pyromorphite is produced by binding Pb to P, which causes 

the Pb to be less bioaccessible. This insoluble mineral has been shown to be the least 

reactive form of Pb and is most efficient at reducing toxicological risk due to accidental Pb 

ingestion. 

As expected, the in vitro relative bioaccessibility assay yielded a clear trend that the 

addition of Apatite II resulted in a lower overall average percentage of bioaccessible Pb for a 

number of the paints tested. Paints 010, 058, and 060 showed reductions in bioaccessibility 

of the order of approximately 10%. Paints 007, 008, 012, and 013 exhibited much more 

significant differences between bioaccessible Pb percentages in soils with and without 

added apatite II, and we posit that the absence of a large quantity of binder in these paints 

had an important impact on Pb solubility.  

Paint 013 had an average bioaccessibility difference of 40.97%, the largest change 

in the study. This is a sizeable reduction in soluble Pb over a remarkably short time period of 



 

 36 

6 months. Interestingly, this paint, as well as paints 008 and 012, exhibited average 

bioaccessibility percentages greater than 100% for the samples without apatite II. We argue 

that this is simply due to the fact that two separate samples were used for the hot acid digest 

and the in vitro assay, thus its possible for more Pb-rich materials to be present in one 

compared to the other, creating a disparity. This uncertainty has generated some results with 

potentially slightly inflated values (because clearly there cannot be more than 100% 

bioaccessible Pb), but the findings remain significant due to the compelling difference 

between the average percentages. 

Paint 076 actually showed marginally more bioaccessible Pb in the samples with 

added Apatite II, but the difference was minimal, at 0.70%. We could not identify a specific 

Pb-phase in this paint, but the presence of Cr in the paint may be indicative of the presence 

of a Pb-chromate phase of low solubility Pb. 
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CHAPTER 7 

CONCLUSION 

7.1 Conclusions 

Considerable Pb contamination issues result from the disintegration of Pb-based 

household paints. Apatite II has been shown to preferentially react with Pb to form insoluble 

and less harmful pyromorphite crystals. In conclusion: 

• Phosphorous from the apatite II material significantly reduced the bioaccessibility of 

Pb in this soil column experiment after 6 months. Based on a combination of a 

simulated gastric fluid digestion, hot acid digestion, and inductively coupled plasma 

atomic emission spectroscopy, Pb contaminated soils ingested after a significant 

(5% w/w) Apatite II amendment contained less soluble Pb and thus are safer. 

• Although overall decreases in Pb bioaccessibility were noted, increasing the time 

variable ought to increase this inhibiting process. A longer gestation is hypothesized 

to further decrease the bioaccessibility of Pb in contaminated soils. 

• The structure and associations of the Pb are significant determinants in the 

development of insoluble Pb forms. This study showed differences in the reductions 

of Pb bioaccessibility between different paint samples (Pb forms). Paints already 

containing Pb-P are less likely to develop new Pb-P formations after an apatite II 

amendment.  

7.2 Areas of Future Study 

 Additional research should be utilized to further study the process involving Pb-P 

binding, in terms of both rate and procedure. A detailed study could be conducted to further 

document the development of Pb-P (pyromorphite) particles at varying time intervals. Early 

on, it appears that most associations remain superficial and true pyromorphite crystals may 
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not develop for a significant stretch of time, but this maturation could be meticulously 

mapped out and documented. More information on the rate at which this process is 

occurring could be beneficial. 
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APPENDIX A 

DIFFRACTOGRAMS OF PB-PAINT
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Figure A.1 Diffractogram for Pb-based paint 007.

00-041-1493 (*) - Minium, syn - Pb3O4 - Y: 85.32 % - d x by: 1. - WL: 1.5406 - Tetragonal - a 8.81590 - b 8.81590 - c 6.56580 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - P42/mbc (135) - 4 - 510.295 - I
Operations: X Offset 0.088 | Smooth 0.150 | Strip kAlpha2 0.500 | Import
007/2 - File: 0072.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 2 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0
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Figure A.2 Diffractogram for Pb-based paint 008. 

008/662

00-013-0131 (I) - Hydrocerussite, syn - Pb3(CO3)2(OH)2 - Y: 60.98 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 5.24000 - b 5.24000 - c 23.68100 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - R (0)
00-047-1734 (*) - Cerussite, syn - PbCO3 - Y: 67.83 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 5.17800 - b 8.51500 - c 6.14600 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pmcn (62) - 4 - 270.981 -
Operations: X Offset 0.174 | X Offset 0.265 | X Offset 0.200 | X Offset -0.118 | X Offset 0.059 | X Offset 0.246 | X Offset 0.059 | Smooth 
008/662 - File: 008662a.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 13 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00
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Figure A.3 Diffractogram for Pb-based paint 010. 

010/12

00-033-0768 (I) - Lead Phosphate - Pb9(PO4)6 - Y: 85.36 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 9.82100 - b 9.82100 - c 7.33100 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P63/m (176) - 1 - 612
00-051-1648 (N) - Lead Phosphate Hydroxide - Pb10(PO4)6(OH)2 - Y: 114.74 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 9.87700 - b 9.87700 - c 7.42600 - alpha 90.000 - beta 90.000 - gamma 120.000 - 1 - 627.387
01-086-1630 (A) - Quartz, syn - SiO2 - Y: 151.51 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91410 - b 4.91410 - c 5.40600 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3121 (152) - 3 - 113.056 - I/I
Operations: X Offset 0.114 | Smooth 0.150 | Strip kAlpha2 0.500 | Import
010/12 - File: 01012.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 3 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X
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Figure A.4 Diffractogram for Pb-based paint 012. 

012/619

01-075-6874 (A) - Minium low - Pb3O4 - Y: 54.14 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 8.94960 - b 8.66380 - c 6.56160 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pbam (55) - 4 - 508.770 - I/I
00-036-1461 (*) - Anglesite, syn - PbSO4 - Y: 63.45 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 6.95750 - b 8.47630 - c 5.39820 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pbnm (62) - 4 - 318.353 - 
Operations: Smooth 0.150 | Strip kAlpha2 0.500 | Import
012/619 - File: 012619.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 4 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° -

Li
n 

(C
ou

nt
s)

0

100

200

300

400

2-Theta - Scale
2 10 20 30 40 50 60 70 80 9



44 

Figure A.5 Diffractogram for Pb-based paint 013. 

00-005-0577 (A) - Anglesite, syn - PbSO4 - Y: 25.13 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 8.48000 - b 5.39800 - c 6.95800 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pnma (62) - 4 - 318.503 -
00-003-0612 (D) - Calcite - CaCO3 - Y: 7.05 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 4.49830 - b 4.49830 - c 17.02000 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - R-3c (167) - 6 - 298.255 - F
01-079-2205 (A) - Zinc Oxide - ZnO - Y: 98.94 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 3.25010 - b 3.25010 - c 5.20710 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P63mc (186) - 2 - 47.6343 - I/Ic 
03-065-0466 (A) - Quartz low, syn - O2Si - Y: 36.13 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91410 - b 4.91410 - c 5.40600 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3221 (154) - 3 - 113.056 - 
Operations: Import
013/612 - File: 013612.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 3 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° -
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Figure A.6 Diffractogram for Pb-based paint 058. 

058/19

01-086-2335 (*) - Calcite, magnesian - (Mg.064Ca.936)(CO3) - Y: 155.28 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 4.96730 - b 4.96730 - c 16.96309 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive -
03-065-0466 (A) - Quartz low, syn - O2Si - Y: 206.71 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91410 - b 4.91410 - c 5.40600 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3221 (154) - 3 - 113.056 
01-080-0075 (A) - Zinc Oxide - ZnO - Y: 114.94 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 3.25390 - b 3.25390 - c 5.20980 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P63mc (186) - 2 - 47.7705 - I/Ic 
00-021-1272 (*) - Anatase, syn - TiO2 - Y: 126.62 % - d x by: 1. - WL: 1.5406 - Tetragonal - a 3.78520 - b 3.78520 - c 9.51390 - alpha 90.000 - beta 90.000 - gamma 90.000 - Body-centered - I41/amd (141) - 4 - 136.3
00-002-0494 (D) - Rutile - TiO2 - Y: 30.96 % - d x by: 1. - WL: 1.5406 - Tetragonal - a 4.58000 - b 4.58000 - c 2.95000 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - P42/mnm (136) - 2 - 61.8804 - F22=  7
Operations: X Offset 0.075 | Smooth 0.150 | Strip kAlpha2 0.500 | Import
058/19 - File: 05819.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 3 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X
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Figure A.7 Diffractogram for Pb-based paint 060. 

060/731

00-021-1276 (*) - Rutile, syn - TiO2 - Y: 81.70 % - d x by: 1. - WL: 1.5406 - Tetragonal - a 4.59330 - b 4.59330 - c 2.95920 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - P42/mnm (136) - 2 - 62.4344 - I/Ic 
00-004-0637 (D) - Calcite - CaCO3 - Y: 15.75 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 4.99500 - b 4.99500 - c 17.06000 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - R-3c (167) - 6 - 368.621 - 
01-080-0075 (A) - Zinc Oxide - ZnO - Y: 103.03 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 3.25390 - b 3.25390 - c 5.20980 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P63mc (186) - 2 - 47.7705 - I/Ic 
Operations: X Offset 0.060 | Smooth 0.150 | Import
060/731 - File: 060731.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 3 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° -
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Figure A.8 Diffractogram for Pb-based paint 076. 

076/634

01-089-3433 (A) - Quartz high, syn - SiO2 - Y: 140.96 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 5.05260 - b 5.05260 - c 5.54880 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P6222 (180) - 3 - 122.67
00-005-0448 (A) - Barite - BaSO4 - Y: 102.80 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 8.87800 - b 5.45000 - c 7.15200 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pnma (62) - 4 - 346.050 - I/Ic P
Operations: Smooth 0.150 | Strip kAlpha2 0.500 | Import
076/634 - File: 076634.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 90.000 ° - Step: 0.020 ° - Step time: 2. s - Temp.: 25 °C (Room) - Time Started: 2 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 ° -
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APPENDIX B 

SEM IMAGES OF PB-PAINTS 
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Figure B.1 SEM image showing Pb paint 007 particle. 
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Figure B.2 SEM image showing Pb paint 008 particle. 
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Figure B.3 SEM image showing Pb paint 010 particle. 
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Figure B.4 SEM image showing Pb paint 012 particle. 
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Figure B.5 SEM image showing Pb paint 013 particle. 
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Figure B.6 SEM image showing Pb paint 058 particle. 
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Figure B.7 SEM image showing Pb paint 060 particle. 
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Figure B.8 SEM image showing Pb paint 076 particle.  
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APPENDIX C 
 
 

SEM IMAGES OF SIX-MONTH SOIL COLUMN SAMPLES
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Figure C.1 SEM image showing original Pb paint 007 particle from soil column 4. 

 

 
Figure C.2 SEM image showing Pb paint 007 particle with notable Si content from soil column 4. 
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Figure C.3 SEM image showing Pb paint 007 particle from soil column 4. 

 
 

 
Figure C.4 SEM image showing Pb paint 007 particle from soil column 4. 
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Figure C.5 SEM image showing an original spiking paint particle from soil column 4. 

 
 

 
Figure C.6 SEM image showing Pb paint 007 particle from soil column 4. 
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Figure C.7 SEM image showing Pb-bearing paint 007 particle from soil column 4. 

 
 

 
Figure C.8 SEM image showing a Si Al Mg Pb K Ca Fe Mn particle from soil column 4. 
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Figure C.9 SEM image showing Apatite II shard associated with Pb from soil column 3. 

 

 
Figure C.10 SEM image showing Ca P Pb particle (fish bone with Pb) from soil column 3. 
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 Figure C.11 SEM image showing Pb paint 007 particle associated with P from soil column 3. 

 

 
Figure C.12 SEM image showing Pb P Si Mg Al Na Ca K Fe particle from soil column 3. 
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Figure C.13 SEM image showing amended Pb from soil column 2. 

 

 
Figure C.14 SEM image showing original Pb paint 007 particle (unamended) from soil column 2. 
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Figure C.15 SEM image showing original Pb-rich paint 008 particle from soil column 9. 

 

 
Figure C.16 SEM image showing original Pb paint 008 particle from soil column 9. 
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Figure C.17 SEM image showing Apatite II fragment with associated Pb from soil column 7. 

 

 
Figure C.18 SEM image showing Ca- and P-rich fish bone with Pb from soil column 7. 
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Figure C.19 SEM image showing original Pb aggregates (unamended) from soil column 7. 

 

 
Figure C.20 SEM image showing an individual Pb paint 008 particle from soil column 7. 
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Figure C.21 SEM image showing fish bone shard containing Pb from soil column 8. 

 

 
Figure C.22 SEM image showing amended Pb from soil column 8. 
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Figure C.23 SEM image showing Pb paint 010 particle from soil column 13. 

 

 
Figure C.24 SEM image showing original Pb paint 010 from soil column 13. 
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Figure C.25 SEM image showing Pb paint 010 particle from soil column 13. 

 

 
Figure C.26 SEM image showing original Pb paint 010 from soil column 13. 
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Figure C.27 SEM image showing Pb P particle in Si Al Mg Na Ti matrix from soil column 14. 

 

 
Figure C.28 SEM image showing Pb P particle with complex matrix from soil column 14. 
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Figure C.29 SEM image showing Pb P particle in Si matrix from soil column 14. 

 

 
Figure C.30 SEM image showing Pb P particle from soil column 14. 
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Figure C.31 SEM image showing Pb paint 010 particle with associated P from soil column 11. 

 

 
Figure C.32 SEM image showing original Pb paint 010 with P from soil column 11. 
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Figure C.33 SEM image showing original Pb paint 010 particle from soil column 11. 

 

 
Figure C.34 SEM image showing original paint 010 with some associated P from soil column 

11. 
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 Figure C.35 SEM image showing Pb particle from soil column 12. 

 

 
Figure C.36 SEM image showing original Pb paint 010 from soil column 12. 
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Figure C.37 SEM image showing Pb Si P particle from soil column 12. 

 

 
Figure C.38 SEM image showing amended Pb paint 010 particle from soil column 12. 
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Figure C.39 SEM image showing Pb-rich particle from soil column 18. 

 

 
Figure C.40 SEM image showing Pb paint 012 particle from soil column 18. 

 



 

 78 

  
Figure C.41 SEM image showing original spiking paint from soil column 18. 

 

 
Figure C.42 SEM image showing Pb paint from soil column 18. 
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Figure C.43 SEM image showing original paint from soil column 19. 

 

 
Figure C.44 SEM image showing Pb paint 012 particle from soil column 19. 
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Figure C.45 SEM image showing surface corrosion on Pb paint 012 from soil column 19. 

 

 
Figure C.46 SEM image showing Pb paint 012 particle from soil column 19. 
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Figure C.47 SEM image showing Apatite II fragment with Pb from soil column 16. 

 

 
Figure C.48 SEM image showing untransformed aggregate of original paint from soil column 16 
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Figure C.49 SEM image showing Pb-particles with associated P from soil column 17. 

 

 
Figure C.50 SEM image showing unmodified Pb-particle from soil column 17. 
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Figure C.51 SEM image showing Pb particle from soil column 23. 

 

 
Figure C.52 SEM image showing Pb-rich paint 013 particle from soil column 23. 
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Figure C.53 SEM image showing Pb particle from soil column 24. 

 

 
Figure C.54 SEM image showing unaltered original spiking paint from soil column 24. 
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Figure C.55 SEM image fish bone material with Pb from soil column 21. 

 

 
Figure C.56 SEM image showing amended Pb with Zn associations from soil column 21. 
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Figure C.57 SEM image showing Apatite II shard from soil column 22. 

 

 
Figure C.58 SEM image showing Pb amended by Apatite II and associated Zn from soil   

column 22. 
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Figure C.59 SEM image showing original Pb paint 058 particle from soil column 28. 

 

 
Figure C.60 SEM image showing unmodified Pb from soil column 28. 
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Figure C.61 SEM image showing unamended Pb from soil column 26. 

 

 
Figure C.62 SEM image showing amended Pb with Apatite II from soil column 26. 
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Figure C.63 SEM image showing unmodified Pb paint 058 particle from soil column 27. 

 

 
Figure C.64 SEM image showing Apatite II and Pb from soil column 27. 
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Figure C.65 SEM image showing isolated Pb-pigment particle from soil column 32. 

 

 
Figure C.66 SEM image showing Pb aggregate from soil column 32. 
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Figure C.67 SEM image showing Apatite II with Pb and Zn from soil column 31. 

 

 
Figure C.68 SEM image showing amended Pb with fish bone from soil column 31. 
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Figure C.69 SEM image showing Pb paint 076 particle from soil column 38b. 

 

 
Figure C.70 SEM image showing Pb from soil column 38b. 
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Figure C.71 SEM image showing Apatite II without amended Pb from soil column 37. 

 

 
Figure C.72 SEM image showing original Pb paint 076 particle from soil column 37. 
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Figure C.73 SEM image showing Pb paint 076 particle from soil column 38. 
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