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ABSTRACT 

This report estimates the worst-case radiological dose to an individual from ingested lead 
containing picocurie levels of radionuclides and then compares the calculated radiological health 
effects to the chemical toxic effects from that same lead. This comparison provides an estimate of 
the consequences of inadvertently recycling, in the commercial market, lead containing nominally 
undetectable concentrations of radionuclides. Quantitative expressions for the radiological and 
chemical toxicities of lead are based on concentrations of lead in the blood stream. The result 
shows that the chemical toxicity of lead is a greater health hazard, by orders of magnitude, than 
any probable companion radiation dose. 
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COMPARISON OF THE RADIOLOGICAL AND 
CHEMICAL TOXICITY OF LEAD 

1. INTRODUCTION 

This document was prepared for the Waste Reduction Operations Complex (WROC) Lead 

Management Program to support the free release of lead from Department of Energy (DOE) 

facilities at the Idaho National Engineering Laboratory (INEL). An objective of the Lead 

Management Program is to decontaminate and release for recycle as much radioactively 

contaminated lead (Pb) as possible, including free release to the commercial lead market. This 

paper evaluates the relative radiological risk to the public from the recycle of lead with an 

undetected (no measurable external radiation field) volumetric concentration of radionuclides 

between one and ten picocuries per gram (pCi/g). 

This paper assumes that current surface survey techniques are fully adequate to verify the 

absence of surface contamination to DOE release standards. The primary obstacle, then, to the 

free release of lead is verification of the absence of volumetric contamination. Because lead is an 

excellent shielding material, the detection of volumetric radioactivity is difficult. The range of 

alpha particles in lead is only a few microns and the range of beta particles is only a few tens of 

microns. The half-value layer for the cesium (Cs-137) and cobalt (Co-60) gammas in lead is 

6.5 mm and 12 mm, respectively.1 Most other gammas which may be of interest, from americium 

(Am-241), plutonium (Pu), and uranium (U), are too weak to be detected in lead without 

resorting to chemical dissolution and partitioning. 

Radioactively contaminated lead presents two health hazards, (a) radiation exposure, and 

(b) chemical toxicity. This document compares the health effects of these two components. 

Quantitative expressions for the radiological and chemical toxicities of lead are based on 

concentrations of lead in the blood stream. The result shows that the chemical toxicity of lead is 

a greater health hazard, by orders of magnitude, than any probable companion radiation dose. 
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2. BACKGROUND 

2.1 Radioactivity in Lead * 

Draft Company Procedure (CP) 8.16 (see Reference 2) proposes criteria that must be met 

before lead can be released from DOE facilities at the INEL. Surface contamination of uniform 

geometric shapes can be reliably identified and DOE Order 5400.5 (see Reference 3) has well 

established release criteria governing the determination of a "clean" surface; therefore, the major 

concern of CP 8.16, and the only concern of this paper, is volumetric contamination. 

Although in principle there should be no detectable radionuclides above background level, 

CP 8.16 allows release determinations using instrumentation having a volumetric detection limit of 

1 pCi/g. Thus it is conceivable that material containing several picocuries per gram could be 

released as clean. Although metallic lead is highly impermeable to radionuclides, several 

mechanisms can produce uniform volumetric contamination of lead such as neutron activation and 

melting and fabrication of new items from surface contaminated lead. The precursor surface 

contamination will most likely be activation or mixed fission products. Contamination from 

tritium, carbon-14, or transuranics is improbable since these radionuclides rarely require lead 

shielding. 

Therefore, it is reasonable that lead objects with no measurable surface contamination be 

examined for Co-60 or Cs-137 gamma radiation. If no contamination is found, it may be 

concluded that the object is radiologically clean. 

The presence of naturally occurring radionuclides in lead must also be considered. Lead in 

nature coexists with the other heavy metals, specifically uranium (U-238) and thorium (Th-230), 

and the volatile radioactive nuclide radon (Rn). Pb-210 is a daughter in the decay of U-238, , 

U-234, Th-230, radium (Ra-226), and Rn-222. Pb-210 has a half-life of 22.3 years, and beta 

decays to bismuth (Bi-210) (5.0 day half-life), which in turn beta decays to polonium (Po-210) • 

(138 day half-life), which then alpha decays to stable Pb-206. According to Jaworowski4, the 

measured concentration of Pb-210 in freshly mined lead varies with location from 2 to 40 pCi/g, 
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averaging 20 pCi/g. Once refined, there is no replenishment of the decaying Pb-210, so that lead 

mined 50 years ago has only 20% of the radioactive component of fresh lead. 

Recent studies at the INEL show the nominal detection level for 23 different volumetrically 

distributed radionuclides ranging from potassium (K-40) to Am-241, and including Co-60 and Cs-

137 in small lead samples is approximately 0.5 pCi/g (see Reference 5). Levels of several pCi/g 

are readily detected. 

2.2 Radiological Hazards 

The radiation background (average effective dose equivalent) for the United States 

population is approximately 360 millirems (mrem)yyear, principally from naturally occurring K-40, 

Rn, and cosmic rays; the 360 mrem/yr includes medical procedures, but excludes occupational 

exposure. The Environmental Protection Agency (EPA), according to 40 Code of Federal 

Regulations (CFR) 141.16 (see Reference 6), has set a drinking water standard (DWS) for 

radioactivity which limits whole body dose to 4 mrem/year. The annual occupational dose to a 

worker is limited by both the Nuclear Regulatory Commission (NRC) and the DOE to 5 rem 

total effective dose equivalent (see 10 CFR 20 and 10 CFR 835 for details and specifics7,8). The 

average threshold for measurable health effects from acute exposure (high dose during a short 

duration) is 25 rem. The threshold for death from acute exposure is approximately 200 rem, and 

400 rem is considered the lethal dose (LD) 50/30 (lethal within 30 days to 50% of an exposed 

group). 

A measure called committed effective dose equivalent (CEDE) is used to quantify the 

long-term exposure effects from internal radiation exposure. The CEDE is the projected 50 year 

dose calculated at the time of first exposure and is based on uptake through all internal channels 

(ingestion and inhalation) and allowances for both biological and radiological half-lives of the 

radionuclides to which one is exposed. 

The maximum 4 mrem/year DWS is generally decreased incidental in that it would result in a 

chronic dose (low exposure over a long period) less than 1% of the average annual background. 
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If an individual were to receive the occupational annual limit of 5 rem each year for a 40 year 

career, it would result in a chronic 200 rem dose. The effective dose equivalent (EDE) is the 

sum of the CEDE and the dose due to penetrating radiation external sources; this is a risk-

equivalent value and can be used to estimate the health-effects risk of an exposed individual. This 

paper uses an EDE of 0.360 rem, equal to the annual average U. S. background as the measure 

of acceptable risk for radiation. 

2.3 Chemical Toxicity 

Chemical hazards of lead also pose definite and harmful health effects. Lead is known to 

cause damage to the nervous system and is a suspected carcinogen. It is considered poisonous 

through both ingestion and inhalation. Some human systemic effects by ingestion or inhalation 

are loss of appetite, anemia, headache, irritability, and insomnia. Experimental evidence suggests 

that blood-lead-levels below 10 micrograms per deciliter (/xg/dL) diminishes the Intelligence 

Quotient (IQ) scores of children. Blood-lead-levels are typically given in units of /xg/dL, which we 

convert to units of milligrams (mg) per kilograms (kg), thus, 10 ju,g/dL = 0.1 mg of lead/kg of 

blood, further assuming unit density for blood. 9 ' 1 0 

The blood-lead-level at which there is no observable physical effects for adults is 0.2 mg/kg 

below which the Occupational Safety and Health Administration (OSHA) has no health effects 

concerns.11 Readily observable effects begin at blood-lead-levels greater than 10 mg/kg. The 

OSHA, 29 CFR 1910.1025, Appendix A, VIII, (see Reference 12) requires that an employee be 

removed from all occupational exposure to lead when the blood-lead-level reaches or exceeds 80 

mg/kg. According to the "Registry of Toxic Effects of Chemical Substances," Volume 3-A, (see 

Reference 13) the lowest blood-lead-level at which a human death has been attributable to lead is 

450 mg/kg. 

According to 40 CFR 141.43, (see Reference 14) the maximum contaminant level goal for • 

lead in drinking water is zero, the acceptance level for source water is 0.0001 mg/kg, and the 

action level for tap water is 0.015 mg/kg. 
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Exposure to lead is generally from inhaled air or dust of various types and ingestion of food 

and water containing suspended lead or lead compounds. When lead is ingested, much of it 

passes through the body unabsorbed and is eliminated in the feces. Adults absorb between 5 and 

30% of ingested lead depending upon its chemical state at the time of ingestion. Upon 

inhalation, absorption into the blood stream takes place easily from the respiratory tract and 

symptoms develop quickly. Therefore, industry considers inhalation of lead the most critical and 

dangerous route. 

Many authorities do not accept any level of lead as "safe"; similar to the position taken by 

others for radiation exposure. However, we use 0.2 mg/kg (mg of lead per kg of blood) as the 

acceptable level.11 Although there is no generally quoted LD50/30 for human blood-lead-levels, a 

single death has been attributed to acute lead poisoning at 450 mg/kg (see Reference 13). We 

use this figure as the "lethal" blood-lead-level. 

3. OBJECTIVE AND SCOPE 

The objective of this paper is to estimate the worst-case radiological dose to an individual 

from ingested lead containing picocurie/g concentrations of radionuclides and then compare the 

calculated health effects to the chemical toxic effects from that same lead. This comparison 

provides an estimate of the consequences of inadvertently recycling, in the commercial market, 

lead containing nominally undetectable concentrations of radionuclides. Because lead naturally 

contains the radionuclide Pb-210 in multi-picocurie per gram concentrations, the dose from 10 

pCi/g of Pb-210 is calculated and used as a baseline. 

This paper makes several broad assumptions which are justified in part by the results. For 

example, if the calculated radiological doses are three or more orders of magnitude below 

normally acceptable levels, then an error of a factor of 10 or even 100 will not impact the 

conclusion. 

It is recognized that there are two schools of thought on the impact of low radiological 

doses; one which believes that a "threshold" dose exists, below which there is no health effect, and 
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the other which accepts a "linear" hypothesis that states that any radiation dose is harmful, with 

the observable effects linearly related to the dose. The chemical toxicity of lead has an equivalent 

uncertainty in that there is no clear, quantitative, lower limit at which the scientific community 

accepts the hypothesis of "no effect," and even at higher levels, there is no quoted "lethal level" 

for lead. Therefore, some readers may object to the selection of both "acceptable" and "lethal" 

levels for both radiological and chemical effects. However, it is necessary to assume quantitative 

selections in order to make meaningful comparisons. 

Typically, lead exposure is controlled operationally on airborne concentration measured in 

terms of £tg/m3. The ultimate fate of lead, whether inhaled or ingested is to end up in the blood 

and from the blood, to the other body parts. Therefore, we used the ingestion route as the least 

complicated route to establish blood-lead-level. 

The chemical toxicity of lead is proportional to the blood-lead-level whether it arises from 

ingestion or inhalation. Therefore, by addressing only blood-lead-levels, and not inhalation or 

concentrations of lead in air, the error which must be accepted, is the failure to calculate 

radiological doses arising from the deposition of particulates in the lungs. 

4. METHOD OF COMPUTING THE RADIATION DOSE USING A 
SPECIFIED DOSE OF LEAD 

4.1 Assumed Concentrations 

An "accepted risk" and "lethal" concentration of 0.2 and 450 mg/kg, respectively, of lead in 

the body of a standard man of 75 kg (160 lbs) was assumed. For each of these two limits the 

associated radiation dose was calculated. The radiation dose, CEDE, was calculated for Pb-210 at 

10 pCi/g, and for Cs-137, Co-60, and Strontium (Sr-90) at 1 pCi/g each. 

We next calculate the body burden from the blood-lead-level. Based on literature values, 

2.4% of the body burden is contained in the blood; the average human body is 7.8% by weight 

blood. Therefore, the body burden of lead can be calculated as follows: Using a blood-lead-level 
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of 20 fig/100 milliliter of blood, the body burden is 0.2 mg/kg (body weight) * (7.8/2.4) * 75 kg 

(body weight), equals 48.7 mg of lead. 

4.2 Radiation Activity to Dose Calculation 

DOE/Environmental Safety, and Health (EH)-007115 gives CEDE values in rem based on 

quantities of radionuclides ingested expressed in microcuries. The CEDE values have been 

developed allowing for biological clearance rates and radiological decay. In our calculation, we 

assume that the curie quantity of radionuclides ingested is equal to the curie quantity of 

radionuclides in the ingested lead. Once ingested we assume that the radionuclides behave 

independent of the lead in the body. We assume that the short term and long term partitioning 

of radionulcides is accounted for in the value of the CEDE obtained from DOE/EH-0071. 

As stated, the DOE/EH-0071 CEDE values are based on the quantity of radionuclides 

ingested, and the comparison with chemical toxicity of lead is based on the blood-lead-level. We 

divide the calculated body burden of lead by the retention factor to obtain the effective quantity 

ingested. We have used the same retention factor, 0.2, as used in ICRP Publication 30. 1 6 

The quoted values of blood-lead-level are all assumed to be equilibrium concentrations, even 

though most of the references we have used leave that assumption to the reader. Since the 

human body is nominally 7.8% blood, shortly after lead is either ingested or inhaled, the blood-

lead-level could be as much as 10 times the long-term equilibrium blood-lead concentration. This 

high concentration then drops to the equilibrium level as the lead moves from the blood primarily 

to the skeleton, adipose tissue, and muscle. Eventually most of the lead which remains in the 

body is associated with the skeleton (70% - Reference 4; 91% - Reference 16) and is not 

uniformly distributed. The CEDE values are based on the assumption that the absorbed 

radionuclides behave independently of the lead once ingested. The lead is gradually eliminated 

from the body. The biological half-life of lead is dependent upon where it resides within the 

body. Reference 16 uses a three component model with 12, 180 and 10,00 day half lives. Earlier 

studies, Reference 17, used 1460 days which can be viewed as a reasonable approximation. 
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4.3 Calculations 

The calculations were performed using the following equation: 

D r a d = 1 x 10-9 (7.8/2.4) CnWmR?bAt/F?b 

where 

D r a d = calculated dose, CEDE, expressed in rem 

Cpb = blood-lead-level concentration in mg/kg 

W a v = weight of average man [75 kg (160 lbs)] 

R P b = concentration of a radionuclide in lead expressed in pCi/g 

A, = CEDE value from DOE/EH-0071 for whole body dose from ingestion expressed in 
rem//iCi 

F P b = the fraction of the lead that enters the body, that stays in the body. A value of 0.2 was 
used. 

The factor (7.8/2.4) is the ratio of the wt.% of blood in the human body to the wt.% of 
body-burden-lead that is in the blood. 

The calculation was performed for Sr-90, Co-60, Cs-137, and Pb-210, using blood-lead-levels 

of 0.2 and 450 mg/kg. The data is presented on a log-log plot with the calculated radiation dose 

on the ordinate. The minimum and maximum values are used to plot a straight line. The 

"acceptable" and lethal blood-lead-levels are clearly designated vertical lines. The background and 

LD50/30 radiation doses are drawn as horizontal lines. When all the computed lines lie below the 

"acceptable" radiation dose line, the lead presents a greater chemical hazard than a radiological 

hazard. 
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5. RESULTS 

The results shown in Figure 1 compare the radiological and chemical hazards of radiological 

contaminated lead. The worst case [450 mg/kg of lead (the lethal level)] will result in a CEDE 

from naturally occurring Pb-210 of 12% of the average background level for radiation. The 

CEDEs from 1 pCi/g of Sr-90, Cs-137, and Co-60 are more than a factor of 500 lower than that 

for Pb-210. This result is expected because (a) the Pb-210 concentration used was a factor of 10 

higher, (b) the energy of decay (6 million electron volts) is a factor of 5-10 higher, and (c) the 

alpha radiation has a quality factor of 20 which is approximately 20 times greater than the beta 

and gamma radiation of the other three radionuclides. 

To impart an observable health effect (20 rem) from the radiation from Pb-210, a 

blood-lead-level of 0.4 kg/kg would be required, a nearly pure lead man. Non-physical levels of 

lead in the blood are needed to impart a measurable health effect from radiation at the 1 pCi/g 

concentration. 

The "accepted risk" level (0.2 mg/kg) results in a CEDE from Pb-210 of much less than one 

hundredth of one percent of the background level of radiation. Therefore, there are no 

quantifiable health effects associated with this level of radionuclide concentration. To 

inadvertently reach levels of radiation exposure from radionuclides other than naturally occurring 

Pb-210 requires measurement, or calculational, errors as great as a factor of 1000. The free 

release criteria allowing a detection level of 1 pCi/g is an absolutely safe practice. 

> 
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6. SENSITIVITY ANALYSIS 

The use of 10 pCi/g as the baseline for natural radioactivity of lead may understate the 

natural radiotoxicity of freshly mined lead by a factor of 4 and may overstate the natural 

radiotoxicity of "old" lead by a factor of 10. 

The calculation of dose has ignored the radiation dose from the inhalation pathway. The 

error introduced by this approach can be estimated by using data from 10 CFR 20 Appendix B. 

Appendix B lists the annual limit on intake (ALI) for both oral and inhalation intake. To the 

extent that these valves are the same, there is no error in assuming one pathway over the other. 

The valves are reproduced in Table 1 for the radionuclides evaluated. The ratio of oral to 

inhalation ALI is shown in the right hand column. The larger the ALI, the lower the dose per 

curie. The error is at worst a factor of 2.5 (underestimation of the Pb-210 dose). 

Table 1. 

Nuclides Class ALI Ratio Class 

Oral (uCi) Inhalation (jiCi) ORAL/INH 

Co-60 W 5E+2 2E+2 2.5 
Y 2E+2 3E+1 0.6 

Sr-90 D 3E+1 2E+1 1.5 
W — 4E+0 — 

Cs-137 D 1E+2 2E+2 0.5 

Pb-210 D 5E-1 2E-1 2.5 

The retention factor for lead is also not a universal constant. Reference 17 quotes a value 

of 0.08 compared to the values we used from Reference 16. This could lead to a factor of 2.5 

error. 
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The calculation performed in this paper is for a single blood-lead equilibrium concentration. 

Each of the radioisotopes behaves independently and may have longer or shorter biological 

clearance rates. If a second dose were received, or there were continuing exposure to lead that 

maintained the blood-lead-level at a constant value, the radiation doses would continue to 

increase with the continuing uptake of additional lead. In such an event, the calculated CEDE 

would be undervalued. Since the biological clearance rate for lead is more than four years, the 

error from this assumption is at worst, low by a factor of 10 for someone who maintains a 

constant blood-lead-level for more than 40 years from the subject contaminated lead. The 

probability of such a possibility, although unknown, must be very small, since the initial 

assumption was that the free released lead is nominally always contamination free. If only a small 

portion of any free-released batch contained radionuclides other than Pb-210, and that batch is 

then mixed with the commercial lead inventory in a more or less random fashion, the radionuclide 

concentration in the final product must be highly diluted. Thus, repeated exposure to any 

contaminated batch would be a rare event and the above calculation is approximately correct. 

To calculate the body burden from blood-lead-level, we used data from Reference 4 which 

states that 2.4% of the lead body burden is in the blood. This value certainly varies, not only in 

time, but from person to person. Since blood lead level is a well documented indicator of the 

toxic effects of lead, it must also be reasonably close to the 2.4% value. All references agree that 

the blood has a lower concentration of lead than the skeleton. It is reasonable to believe that the 

valve 2.4% is within a factor of 2 of the correct answer. 

We have not included any of the other radionuclides nominally present along with Co-60 or 

Cs-137. Difficult-to-detect radionuclides that almost always co-exist with Co-60 and Cs-137 

include: Carbon (C-14), Nickel (Ni-59), Ni-63, Niobium (Nb-94), Technetium (Tc-99), and Iodine 

(1-29). These are the NRC Class C or Greater-Than-Class C isotopes which tend to be health-

effect drivers for activation or fission products greater than 30 years old. The most predominant 

isotope relative to Co-60 is Ni-63 which is typically present at a level of 30% the level of Co-60 

[this is obtained from reported scaling factors (see Reference 18)]. However, since Ni-63 is a low 

energy beta emitter, the calculated dose will be effectively 0.1 times that of the associated Co-60. 

The other radionuclides appear at less than 0.5% of either Co-60 or Cs-137. Therefore, ignoring 
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the possible presence of the other radionuclides will result in underestimating the dose by less 

than a factor of 2. 

The above discussion indicates that assumptions made could make the calculated values low 

by a factor of 20. This error is not enough to change the direction of the conclusion of this 

report. Furthermore, the assumption, that the source of the lead body burden all arises from a 

single lot of lead uniformly contaminated by radionuclides, is more than enough to compensate 

for this underestimation. 

7. CONCLUSION 

Lead is chemically toxic. Newly mined and commercially available lead is naturally 

radioactive, with typically 10 pCi/g of Pb-210 which ultimately alpha decays to Pb-206 through its 

daughters Bi-210 and Po-210. Calculations based on the radionuclides most likely to be present 

and volumetrically distributed such as Co-60, Sr-90, and Cs-137, show that the chemical toxicity of 

lead is more than six orders of magnitude greater than its radiotoxicity at radionuclide 

concentrations of 1 pCi/g. Alternatively, radionuclide concentrations of the order of microcuries 

per gram are required for the radiotoxicity to be comparable to the chemical toxicity. 

The final conclusion is that the release criteria specified in CP 8.16 provides an extremely 

conservative safety margin for the free release of potentially contaminated lead. Statistical errors, 

measurement errors, and operational errors may occur in the course of the free release of millions 

of pounds of lead currently in the possession of the DOE, but it would require gross negligence 

for any lead released to result in a single health effect from radiation. 

The chemical toxicity of lead is far more harmful than radiation doses from residual 

radionuclides in that same lead at concentrations of 10 pCi/g of lead. If lead containing 1 pCi/g 

of radionuclides is released, even in the worst conditions, it could only result in a 0.1 mrem 

radiation dose for any lead concentrations at or below the "safe" level. 
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