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Academic Abstract 

One objective of nuclear forensics is to identify the source of interdicted nuclear 

materials in order to help ensure the safety and security of special nuclear materials. 

Since 1995, The International Atomic Energy Agency (IAEA) has reported at least 16 

different cases involving the illegal possession and transportation of either plutonium or 

enriched uranium. A non-invasive assay capable of identifying whether a person of 

interest has been exposed to special nuclear materials, either environmentally or 

occupationally, would greatly aid in an investigation of the suspected handling and 

transport of enriched uranium or plutonium.  

Human hair and nail are used as effective biomonitors for exposure and intake of 

numerous trace-elements and potential toxins. The objective of this work was to 

investigate the hypothesis that the isotopic ratio composition of U and Pu in human hair 

and nail are reflective of exposure to special nuclear materials.  

Fingernail, toenail, and hair samples were collected from volunteers from national 

labs (Idaho, Oakridge, LLNL, Y-12) who self-reported exposure to either U or Pu, under 

the purview of a DOE CENTRAL IRB and control samples were collected from 

individuals living in the Columbia, MO region who had no exposure to enriched or 

depleted uranium or plutonium. Both the concentration and U and Pu isotopic 

composition was determined using the analytical procedure developed as part of this 

work.   

Average uranium recovery was 105 ± 4%. 242Pu recovery ranged from 65-101%. 

Both 235U and 236U isotope ratios indicated exposure to special nuclear materials in 



 

x 
 

several occupationally exposed volunteers. 234U isotope ratios were not correlated 

between controls or exposed workers. Additionally, concentration measurements for 238U 

were not correlated with either controls or exposures. Four volunteers had measurable 

amounts of 239Pu in their hair, nails, or toenails.
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Chapter 1: Research Challenge and Objective 

The objective of this work is to analyze the isotope ratios 234U/238U, 235U/238U, 

236U/238U, and 240Pu/239Pu at ultra-trace levels in human hair and nail. We compare local 

control volunteers to samples donated by occupationally exposed workers. The uranium 

isotope ratios can provide information about enrichment or reprocessing of nuclear fuel, 

and the Pu ratios can provide information as to the source of the Pu.  

The primary technical challenges are the extraction and effective separation of 

ultra-trace levels of plutonium from uranium. Additionally, isobaric interferences such as 

238UH on 239Pu, stability of ion counters, and mass biases at ultra-trace levels must be 

accounted for in the MC-ICP-MS measurement. 

1.1 Nuclear Forensic Investigation 

The field of nuclear forensics aims to identify and source reclaimed nuclear 

material in order to help ensure the safety and security of special nuclear materials. Since 

1995, The International Atomic Energy Agency (IAEA) has reported at least 16 different 

cases involving the illegal possession of either plutonium or enriched uranium.[1] A 

bioassay capable of identifying exposure to such special nuclear materials, either 

environmentally or occupationally, would greatly compliment these efforts. Human hair 

and nail can reflect both exogenous exposure to U and Pu and endogenous excretion 

through biological pathways.[2,3] The International Atomic Energy Association requires 

that nuclear forensic science be rigorous enough to be presented as evidence in a court of 

law in support of criminal prosecution.[6] 
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1.2 Biomonitoring 

In addition to forensics, isotopic ratios of actinides in exposed workers is useful 

for creating or modifying biokinetic models of the pathways through the body. Humans 

are exposed to natural uranium at a rate of ~0.9 µg∙day-1 in the United States.[4] Other 

avenues of exposure to special nuclear materials include fallout from bomb testing, 

public health disasters such as Fukushima or Chernobyl, and clandestine trafficking of 

illegal radioactive material. In addition to the U and Pu trafficking, the IAEA repots more 

than 2300 instances of radiological material outside of the regulatory control process as 

of 2012.[5] Clearly a convenient biomonitor for both acute and continuous exposure to 

special nuclear material would be useful for public health and safety. The isotopic 

composition of U and Pu in such a biomarker could provide information regarding the 

exposure source or material type.  

 

 

 

 

 

 

 

 



 

3 
 

1.3 References 

1. International Commission on Radiological Protection (1995). Age-dependent 

doses to members of the public from intake of radionuclides: Part 3. Ingestion 

dose coefficients. Oxford: Pergamom Press; ICRP Publication 69, Part 3; ANN 

ICRP 25(1). 

2. Z. Karpas, O. Paz-Tal, A. Lorber, L. Salonen, H. Komulainen, A. Auvinen, 

P. Kurttio, Health Phys. 88 (3) (2005) 229–242, http://dx.doi.org/10.1097/01. 

HP.0000149883.69107.ab. 

 3. R.E. Toohey, C.G. Cacic, R.D. Oldham, R.P. Larsen, Health Phys. 40 (6) (1981) 

881–886, http://dx.doi.org/10.1097/00004032-198106000-00010. 

4. EPA. (2005). Environmental radiation data. Report 124 

5. IAEA.  IAEA Annual Report 2012, 2012 ed.; GC(57)/3; IAEA: Vienna, Austria, 2013; 

pp 1–125. 

6. Nuclear Forensics in Support of Investigations, IAEA Nuclear Security Series No. 2-G 

(Rev.1) http://www-pub.iaea.org/MTCD/Publications/PDF/Pub1687web-74206224.pdf 

 

 

 

http://dx.doi.org/10.1097/00004032-198106000-00010


 

4 
 

Chapter 2: Uranium and Plutonium in Human Hair and Nail 

2.1 Uranium Background 

The keratin composition of human hair and nails make them a stable endpoint for 

deposition of bodily material not suited for further metabolic processing. Previous work 

has demonstrated well characterized deposition of many inorganic species in hair and 

nails. Sakamoto et al. investigated fingernail, toenail, maternal blood and hair for total Hg 

concentration in women during early pregnancy and concluded Hg body burden was 

reflected approximately 5 months prior to analysis. [1] He, Ka reviewed the viability of 

nail as a trace element biomarker and concluded elements such as Se, As, Cr, Hg, and Cd 

were suitable for long-term intake monitoring, but some elements such as Zn, Al, Mg, 

and Cu were less informative. [2] In 2015, Sahoo et al. measured an exposed Serbian 

population for trace U and Th, as well as inorganics Mn, Ni, Cu, Sr, Cd, and Cs by ICP-

MS. In their work, they found correlations in geographical area and elemental 

concentrations. [3]  

 Human hair grows approximately 1 cm per month, nails and toenails 1 mm per 

month. U and Pu are excreted into both hair and nail, and collection and measurement of 

human hair and nail could provide a useful biomarker for these special nuclear materials. 

While all occupational workers are required to wear appropriate personal protective 

equipment, human toenails are typically more isolated from exogenous exposure (close 

toed shoes) than either hair or nails. Considering surface area and relative protection, we 

expect hair samples to be exposed the most and toenail samples the least.  
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It could be possible to differentiate between endogenous U and Pu, and therefore 

internal dose, and exogenous U and Pu by cleaning and analyzing the wash and sample 

separately. Individual sources of external U contamination (e.g. soil) can be fingerprinted 

by uranium isotope ratios, as demonstrated by Meyers et al. in 2014. [4] 

A review of nuclear security investigation and methodology was recently 

published by Keegan, Kristo, Toole, et al.[5] Interdicted materials and their associated 

signatures and characterizations were the primary focus of the review. The review 

examines two instances of illicit trafficking of special nuclear materials. In 1999, a man 

travelling to his home in Moldova was stopped at the Bulgarian Customs office, where he 

was profiled as a “typical smuggler”, and detained. Officers discovered a certificate of 

analysis for a 235U sample and a lead container with a glass ampule containing 4 g of 

uranium highly enriched in 235U. Later in 2001, French security received information of a 

possible materials exchange in Place de la Nation in Paris. A search revealed another 500 

mg of 235U enriched uranium in a similar glass ampule and lead shield. Source attribution, 

last known processing, dating, enrichment, and material form were types nuclear forensic 

signature work performed on these materials. [5] 

Illicit nuclear materials trafficking is a real concern for a post-Cold War world. A 

method for detecting exposure to specific types of special nuclear material (e.g. 236U) 

through bioassay examination could be useful for such law enforcement actions. The goal 

of this work is to determine if exposure to non-natural sources of U or Pu are reflected in 

human hair, fingernail, or toenails.  
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Uranium is an ubiquitous primordial element present in the earth’s crust and 

oceans in approximately mg∙kg-1 levels. The natural composition of uranium today 

consists of 99.27% 238U, 0.72% 235U and 0.00546% 234U. Due to the high neutron fission 

cross-section for 235U, and thus its usefulness in weapon fashioning, it is of primary 

concern for nuclear forensic work. Uranium is often classified by the level of 235U 

enrichment present. Depleted uranium (235U/238U ≤ 0.3%) consists of separated uranium 

byproduct and is used for military munitions and radioactive shielding. Natural uranium 

contains the previously reported 0.72% ratio, low enriched uranium holds <20% 235U 

(LEU reactor grade), any uranium containing >20% 235U is considered highly enriched 

(HEU reactor grade), while >85% 235U is classified as weapons grade. 

Due to the availability of uranium in both soil and water, it is naturally 

incorporated into the food chain. Via food and water, humans in the United States are 

regularly exposed to an estimated 1-4 µg∙day-1 of natural uranium by the World Health 

Organization (WHO). [6] Mining, enrichment, processing, refining and other areas of 

nuclear fuel cycle work can contribute to occupational exposure. Refining and in-situ 

extraction of uranium from pitchblende and other mined ores can lead to increased 

environmental exposure and therefore increased U bioavailability. [7-9] The ability to 

distinguish between exposure to natural uranium sources and anthropogenic uranium 

fractionation would be useful for nuclear forensic applications.  

In a review by Joksic and Katz, the ability of hair and nail to be used as 

biomonitors for U exposure was revisited. [10,16-25] Potential exposure pathways, 

location and U concentrations in hair are listen in Table 2.1. A medical surveillance 

program for hair and urine monitoring for U exposure was detailed in a study by 
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Mohagheghi et al. in 2005. [11] Backgrounds levels of the minor U isotopes and 232Th in 

hair, urine and drinking water were measured by alpha spectroscopy in their study. Due 

to higher bioaccumulation of U in hair, the authors concluded that with a human 

biokinetic model, hair should be considered a viable bioassay for U intake monitoring. 

Table 2.1. Exposure, locations and concentrations in hair reviewed by Joksic et al. [10, 

16-25] 

 

 In 2005 Karpas et al. collected samples of hair, nail and urine samples from a 

population that regularly ingested local well water.[12] The 234U/238U ratios were 

examined with both well water and biological monitors varying from 5.1 x 10-5 to 2.5 x 

10-4.  The 234U/238U ratio measured in hair and nail was highly correlated (r=0.91) with 

the 234U/238U measured in well water in the same study.  Urine and well water 234U/238U 

ratios were also correlated (r=0.72). [12] This is strong evidence in favor of keratinous 

materials as a biomarker for chronic or months-past exposure to environmental U. The 

divergence of correlation between urine and other sample types were attributed to 

potential spectral interferences, or more likely consumption of foodstuffs or water from 

outside the local region near the time of sampling (acute exposures).  

Potential

Location ng·g-1 U hair Exposure Note Reference Subjects (n=) Reference

São Paulo University 2.1-49.8 Unexposed Students Akamine et al. 22 16

Fallujah, Iraq 100-410 Munitions Parents of congenital anomalous children Alaani et al. 29 17

Ljubljana, Slovenia 2.7-35.4 Unexposed Byrne and Bendik 21 18

Slovene mines 34-54900 Occupational miners and workers Byrne and Bendik 22 18

Croatia <LOD-10 Munitions Civil war veterans Jergović et al. 173 19

Finland 4-250000 Environmental U Well water exposure Karpas et al. 205 20

Finland 69-821 Environmental U Well water exposure Muikku et al. 4 21

Canada 1.8-354 Munitions Gulf war veterans Ough et al. 16 22

Negev, Israel ≤10-3100 Environmental U Sela et al. 113 23

Balkans 0.9-449 Munitions Zunic et al. 21 24

Catalonia ≤7-252 Environmental U Preteens near electrochemical plant Torrente et al. 35 25

Catalonia ≤7-139 Environmental U Preteens near electrochemical plant Torrente et al. 18 25
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Standard operating procedures for many exposed workers includes regular testing 

through internal dose and organ concentration calculations by the International 

Commission on Radiological Protection’s (ICRP) guidelines for U in urine. [13] The 

ICRP model assumes U excretion peaks around 4 hours after exposure, and thus is most 

sensitive to known, acute exposures. In the case of regular testing of urine, this type of 

monitoring is ideal. However, for exposure occurring more than weeks or months in the 

past, it quickly loses efficacy. New environmental and dietary U intake can quickly dilute 

or obscure urine results over longer periods.  

Karpas et al. published a compartmental U biokinetic model for estimating 

internal human U dose rates based on U concentration in hair.[14] Uranium was assumed 

to transfer into hair via plasma and intermediate soft tissue turnover. Considering a 

human hair growth rate of 0.1 g∙day-1 and a 0.6% gastrointestinal absorption (modelled 

after Finland well water study), the ingested dose coefficient for 238U and its daughter 

isotopes was 1.3 x 10-8 Sv Bq-1 in the hair compartmental model. This was lower than the 

previous ICRP urine model of 4.5 x 10-8 Sv Bq-1. The change is attributed to more 

accurate modelling when accounting for both hair and urine excretions, as well as both 

acute and chronic exposures. [14] 

This model provides a new avenue for dosimetry compared to the normal urine 

and feces monitoring currently performed by Health Physics surveys in occupationally 

exposed areas. Hair, nail, and toenail tissues are long-term, non-invasive biomonitors, 

which are sensitive to chronological changes in U intake over weeks and months. This 

could prove useful for both chronic and acute exposure to different U sources, and be a 



 

9 
 

useful support tool for law enforcement, health studies, long term dosimetry, and 

following a nuclear accident for a few examples.  

Mineral intake is often measured via integrative, non-invasive biomonitors such 

as hair, nail and toenail. We hypothesize that human keratinous biomonitors (nail, hair) 

can be used to indicate and differentiate between exposure to special nuclear materials, 

specifically uranium and plutonium. This hypothesis was tested by measuring the 

235U/238U, 234U/238U, and 236U/238U ratios in the hair, fingernails and toenails of 

occupationally exposed and control volunteers. Exposed workers provided a self-reported 

case history of types and amounts of exposure through a questionnaire (see appendix III). 

Sample concentrations of both uranium and plutonium, as well as isotope ratios of 

uranium were compared between the control and exposure groups. In several cases, 

occupationally exposed workers showed significant differences in their 235U/238U and 

236U/238U isotope ratios, but no recognizable differences for 234U/238U. The uranium 

concentration between samples also had no distinguishable patterns. Plutonium isotope 

ratios were not calculated, as there was not enough 240Pu detectable in any sample, 

however a few volunteers from both groups had measurable concentrations of 239Pu. 

The 235U/238U, 234U/238U, and 236U/238U ratios measured in the hair, toenail, and fingernail 

samples of both self-reported unexposed volunteers and occupational non-natural U 

exposed workers were examined in this work.  Under an Internal Review Board (IRB) 

protocol through both the University of Missouri and the Department of Energy (DOE), 

occupationally exposed workers were recruited to participate in this work. Volunteers 

from Y12 National Security Complex generously provided a large number of our exposed 

worker samples. Y12 houses enriched uranium from material originating from the both 



 

10 
 

Savannah River and Hanford, as well as an electromagnetic separation plant for 

enrichment of 235U. In addition, material from the Oak Ridge Gaseous Diffusion plant 

(K25), Paducah Gaseous Diffusion Plant, and Idaho Chemical Processing plant are also 

safely warehoused here. Workers exposed to enriched or reprocessed uranium are 

expected to show signs of non-normal ratios of any of the three minor uranium isotopes 

(234U, 235U, 236U). The 236U/238U is of unique significance, since the source of nearly all 

236U above natural levels is due to neutron capture of 235U in reactor fuel. [15] 

2.2 Plutonium Background 

In 1968, the United States Atomic Energy Commission established a National 

Plutonium Registry to track and evaluate exposure to actinides. Occupationally exposed 

workers would donate tissues to be analyzed for actinides. In their 40th anniversary 

report, the current incarnation (US Transuranium and Uranium Registries, USTUR) 

reported donations from 325 worker volunteers and 36 whole body donors. The paucity 

of donors often makes it difficult to properly model body-burdens of actinides, especially 

Plutonium. Advances in chromatographic actinide extraction chemistry resins, sector 

field ICPMS, and laser ablation ICPMS have greatly expanded their capabilities for trace 

and ultra-trace determinations. [32]  

In contrast to normal bodily fluid analysis (blood, urine), whole body donors offer 

a chance to examine long term Pu deposition. Analysis of tissue (lung, liver, bladder, 

spleen, kidney) and bone (femur, humerus, scapula/spine) are not practical in living 

specimens. The USTUR reported 239+240Pu (alpha spectroscopy) for 3 whole body donors. 

In the first case (0269), the liver concentration of Pu (924 Bq∙Kg-1) was greater than 
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either the femur or humerus (153 and 148 Bq∙Kg-1, respectively), and much higher than 

lung (24 Bq∙Kg-1). Bones (scapula, spine), liver, and spleen were elevated compared to 

gall bladder and kidney in the second case (0425). In the third case, lung had over twice 

as much Pu as liver (case 0720). Each case had known accidental exposures to Pu 

(inhalation of Pu(NO3)4 for case 0269, PuO2 for others). [32] 

Avenues of exposure to plutonium include occupational exposure, fallout from 

bomb testing, public health disasters such as Fukushima or Chernobyl, and clandestine 

trafficking of illegal radioactive material. In addition to the U and Pu trafficking, the 

IAEA reports more than 2300 instances of radiological material outside of the regulatory 

control process as of 2012 [27]. Urinalysis and fecal analysis are regularly used to 

monitor workers for Pu. These two biomarkers are very useful for indicating acute 

exposure when samples can be provided regularly. Urine and feces must be collected 

close to the time of exposure in order to calculate accurate internal dosimetry values [28]. 

Information about an exposure weeks or months after the event requires a more long-

term, integrative biomonitor. A minimally invasive, rapid method of detecting exposure 

to plutonium would be very convenient. 

Human hair and nail are possible excretion pathways for plutonium. Human hair 

grows at a rate of about 1.1 cm per month, fingernails 2 mm per month, and toenails 0.5 

mm per month [29]. This means a 0.5 mm sample of fingernail or toenail can represent 1-

2 months of integrated exposure 6-12 months prior to collection. A 2 cm sample of hair 

represents 2 months of exposure, could be collected sooner and divided into sections to 

provide a more discrete view of exposure [30,31]. In addition to biologically deposited 
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materials, hair and fingernails could also provide information about exogenous 

contamination. 

A literature survey provided no biological model for the excretion of plutonium 

into hair and nails at the time of the writing of this document. However, Toohey et al. 

injected a terminally ill volunteer with 4.8 µg of 239Pu and studied the Pu concentration in 

the hair of the patient until death.[26] The hair was segmented into 2 cm sections, and a 

calendar of excretion was built. The peak excretion of Pu (9.5 ng∙kg-1) occurred 

approximately 18 days after exposure. However, even 500 days after exposure there was 

still some measureable amount of Pu (1.25 ng∙kg-1) [26]. Bolotov et al. measured the Pu 

of a population in the Semipalatinsk test region in Kazakhstan and found 239Pu in nail 

ranged 0.8 – 1.3 ng/kg [31]. Both studies provide evidence of a biological mechanism for 

excretion of Pu from an exposure into hair and nail.  
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Chapter 3: Isotope Ratio Analysis by  

Multi-Collector Inductively Coupled Plasma Mass Spectrometry   

 Isotope ratio analysis by multi-collector (MC) inductively coupled plasma mass 

spectrometry (ICP-MS), grew out of a hybridization of high resolution ICP (HR-ICP) 

sample introduction and thermal ionization mass spectrometry (TIMS) magnet and 

collector arrays. The first MC-ICP was VG Elemental’s Plasma 54. Only 12 copies of the 

instrument were ever produced, but second generation machines are becoming quite 

popular, and are on pace to achieve TIMS accuracy, in much shorter analysis time 

periods [2,3].  

3.1 Instrument Operation 

 In MC-ICP-MS, there are four primary components involved in creating an ion 

beam and analyzing isotope ratios accurately; an argon plasma ionization source, an 

electrostatic analyzer, a magnetic sector field, and a multiple-detector array (see Figure 

1). These components are supported by multiple vacuum pumps, focusing and 

acceleration ion lenses, zoom lenses and temperature controls.  
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Figure 3.1 Simplified MC-ICPMS schematic, arrows indicate direction of ion current 

 3.1.1 Plasma 

For MC-ICP-MS analysis, the analyte of interest is introduced into the instrument 

as an ion, but there are many ways to introduce a solid or liquid sample to an ICP torch.  

For example, a particulate free solution is aspirated into a cyclonic spray chamber, which 

feeds an aerosol of the solution into the ICP torch.   

The argon plasma in an ICP source can have an electron temperature in the range 

of 6000-8000 °C, and is maintained by a high power (1300+ W) RF generator. A material 

that is non-reactive with magnetic fields and possesses an extremely high melting point is 

required to contain the plasma. Quartz glass conveniently meets both of these 

requirements. An ICP torch is often one solid piece, containing three concentric cylinders 

(see Figure 3.2), but some models allow for the removal and replacement of the inner 

most cylinder (injector tube). 

Plasma 
Source 

Magnet 

Multi Collector 
Array 
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Figure 3.2 Torch gas flows from Precision Glass Blowing [17] 

Three different argon gas flows feed an ICP ionization source (see Figure 3.2). A 

plasma gas source, typically operating in the range of 8 L/min, is used to fuel the plasma 

and flows through the outermost cylinder. An auxiliary gas (~13 L/min) flows between 

the injector tube and the inner cylinder and pushes the plasma towards the exit end of the 

torch. Finally, the gas flow from the nebulizer runs through the middle of the torch and 

introduces the sample into the argon plasma for ionization [9].  

To create argon plasma, a high voltage spark is applied to the end of a torch inside 

powered induction coils to ignite the plasma. This spark ionizes some of the argon gas 

atoms, freeing electrons. These electrons and argon ions are accelerated by the induction 

coils, which then begin colliding with other argon atoms. This cycle cascades 
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exponentially until most of the argon gas inside the induction coils maintains a stable 

plasma.  

Samples can be introduced to the instrument via direct gaseous injection 

(desolvating nebulizer) through the rear of the torch or through liquid nebulization. Small 

nebulizers with low flows (100-500 µL/min) made from borosilicate glass or 

perfluoroalkoxy (PFA) type materials spray tiny liquid droplets into a spray chamber. 

Argon gas passing through the nebulizers carries the smallest droplets up through the 

spray chamber and into the torch, while the larger droplets drain out of the bottom. Once 

inside the torch, the argon gas flow carries the nebulized material into the plasma for 

ionization. 

Immediately following ionization, the analyte ions are pulled into the sample 

cone, both by vacuum behind the cone and the auxiliary gas pushing it through the torch. 

The first vacuum pumping occurs between the sample (first) and skimmer (second) cones 

(Figure 3.3, Cones box). A roughing pump pulls the pressure down to approximately 1 

mBar. A skimmer cone with a slightly smaller diameter opening acts as both a barrier to 

the next stage of pumping, and helps narrow the shape of the ion beam. The following ion 

lens system shapes the beam with both vertical and horizontal slits, preparing the ion 

beam for the electrostatic analyzer (ESA). The lens system can vary the potential field of 

the ion beam so as to maximize the throughput of the ESA. 
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Figure 3.3 Ion lensing diagram for the Nu Plasma II. Lenses alter beam potential and 

shape before ESA. HV1 consists of sampler cone followed by the skimmer cone. [18] 

 A series of vacuum pumps step the system down in pressure from atmospheric 

pressure to around 10-8 mBar in the detector housing. It is important that the ion beam 

have a large mean free path in order to maximize the transmission of the analyte ions to 

the detector array and maximize the signal.  

 3.1.2 Ion Lensing 

 In addition to shaping the beam and guarding against loss of vacuum, the two 

cones also act as an ion accelerator. Figure 3.3 shows the schematic of the ion lensing for 

the Nu Plasma II MC-ICPMS. A potential of 1000V or more is applied between these 

two cones in order to give the newly ionized atoms a forward acceleration. The energized 

ion beam then passes through a series of conic accelerators and horizontal and vertical 

slits, each kept at an electrical potential relative to one another. These slits are designed 

to create a very narrow and directed ion beam. 

 It is important that the ion beam be as narrow as possible before entering the 

electrostatic analyzer plate (ESA). The ESA transmits the ion beam according to kinetic 
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energy. Ions with kinetic energies that are too high will fly into one plate and be 

neutralized, and ions with too little kinetic energy collide with the opposite plate. This 

first focusing step provides for greater stability when the magnetic sector disperses the 

ions according to their mass-to-charge ratio [6]. Following the ESA plate is an octopole 

lens, which serves to guide the beam exiting the ESA (see Figure 3.1). 

 The charged ions exit the octopole and pass through a laminated magnet. By 

varying the magnetic field, ions experience differing trajectories according to their mass-

to-charge ratio. In single detector instruments a magnetic sector is used to scan for a one 

mass at a time. In the case of the Nu Plasma II, and in multi-collector instruments in 

general, mass scanning happens concurrently [6]. Concurrent scanning allows for more 

precise and accurate measurements by elimination of potential differences introduced by 

different scanning times and fluctuations in the plasma over time. Each portion of the 

beam interacting with the detectors at the same time reduces potential differences 

introduced after ionization. Multiple Faraday cups and ion counters are arranged so that 

they are approximately one mass unit apart in terms of scanning.   

 The detectors are able to sit in fixed positions due to the zoom lens system. Two 

ion lenses sit just past the magnetic sector of the instrument and allow for narrowing or 

widening of the ion beams. Their focusing is analogous to that of light through convex or 

concave lenses. Ions of differing mass-to-charge ratios will bend into different 

trajectories, but these zoom lenses eliminate the need for moving detectors [6,10]. 
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3.1.3 Detectors 

 Faraday detectors are well suited to higher concentration (> 10-6 µg∙g-1) detection 

than ion counters (<10-9 µg∙g-1). Faraday cups operate by measuring the current induced 

by an incoming ion beam. This induced current is measured as a voltage across a resistor 

that is connected to the Faraday cup. Unfortunately, this requires a relatively strong ion 

current, and will have poorer detection limits than ion counters, by about 3 orders of 

magnitude [9].  

 Ion counters, on the other hand, work more or less as their name suggests. Each 

incoming ion strikes a charged plate. This plate is held at an electrical potential with 

another plate nearby. The incoming ions create a cascade of electrons, which are then 

accelerated into the next plate. The signal is amplified through a series of cascades and 

acceleration. This method is incredibly efficient at detecting low concentrations of ions, 

but is easily saturated if the signal becomes intense. [6] By having both types of detectors 

situated next to one another, measuring an isotope of high relative abundance (and 

therefore relative concentration) next to one of low abundance is possible. For example, it 

is possible to measure 238U (99.3% natural abundance) alongside 235U (0.7% natural 

abundance) in ng∙g-1 concentrations of natural uranium solution. 

 The setup and operation of the ICP involves many steps. An operator checks to 

make sure there is enough argon pressure available and that the instrument is in the 

appropriate vacuum state. In order to light argon plasma, the user may have to adjust the 

physical location of the torch relative to the induction coils and sampler cone. Once the 
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torch is lit, time is required for the plasma to achieve a stable equilibrium with the initial 

vacuum source.  

 Once the plasma is stable, an operator may use a solution of known concentration 

to tune the instrument to optimal function. Some of the parameters that can be altered to 

improve signal intensity and stability include torch position (x,y,z), accelerator voltages, 

slit voltages, ESA voltages, zoom lens position, nebulizer gas flow, and detector voltages. 

Additionally, an operator will perform a Faraday noise test with the line-of-sight valve 

closed to ensure detector noise is below acceptable levels, and have the machine perform 

a Faraday gain measurement. An example of normal operating parameters is given in 

Table 3.1. 

Table 3.1 Normal Nu Plasma II Operating Parameters 

Forward Power 1300 W 

Cooling Gas Flow Rate 13.0 L min-1 

Auxiliary Gas Flow Rate 1.2 L min-1 

Cones Nickel  

Solution Uptake Rate ~110 µL min-1 

Spray Chamber Temperature 105 °C 

Membrane Temperature 108 °C 

Hot Gas Flow Rate 0.37 L min-1 

Membrane Gas Flow Rate 2.3 L min-1 

Nebulizer Pressure 29.4 PSI 

Mass Resolution 300 m/Δm 

Number of Spectra Acquired 25  

Magnet delay 2 sec 

Scan Type Static Multi-collection  

Cup configurations 

238U:L3 236U: IC0 235U:L5 234U:IC1 

242Pu:IC0 240Pu:IC1 239Pu:IC2 

238U:L2 235U: IC0 

L = Faraday 

IC = Ion counter 
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Typically, day to day tunings are not drastically different, but the process can take 

minutes to hours, depending on the instrument and operator familiarity. Once an 

instrument is tuned, analysis may proceed. An operator may change samples by hand, or 

an auto-sampler can be used to save time.  

 In summary, MC-ICP-MS employs an argon plasma ionization source, lenses and 

slits to accelerate and shape the ion beam, double focusing of the beam by ESA and 

magnetic sector in Niers-Johnson geometry, beam optimization by zoom lenses, and 

detection by both Faraday cups and ion counters.  Concurrent detection by multiple 

collectors helps eliminate variances in measurements due to timing issues [10].  MC-ICP-

MS are typically run at resolutions around 300 m/Δm in order to create large, flat top 

peaks (Figure 3.4), instead of the sharp peaks typically seen in other MS instruments 

[10]. Nu Plasma uses the 10% valley definition of mass resolution. Flat top peaks reduce 

uncertainty relative to small drifts in the magnet and ion beam which would negatively 

impact precision and accuracy. Flat top peaks also allow for more rapid peak alignment 

tuning. 
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Figure 3.4 Example of long flat top peaks with concurrent scanning. Vertical axis is 

counts per second, horizontal axis is mass number (lower to higher) relative to axial 

detector. 

 Plasma sources in general are subject to a mass bias, favoring heavier isotopes. 

This bias is presumed to be from “space-charge effects”.  More simply, when two ions 

are travelling in a beam, they exert an electromotive force on one another (+ + repulsion). 

Heavier ions are less affected by this repulsion, and so are less likely to be removed from 

the ion beam.  Others have suggested that the mass bias is a result from the interaction of 

the atmospheric pressure ionization and the low pressure cone area [10].  

 This bias can be corrected by measuring a known isotopic ratio standard. 

Bracketing samples and blanks by this standard during an analysis can help achieve more 

accurate corrections. The correction can be as low as a 0.5-1.5% per amu for high masses 

(e.g., Nd, U) or up to 15-40% per amu for low masses (e.g. B, Mg), so it is important this 
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correction is accurate [1,10].  The following equation is used to adjust the isotope ratios, 

where Rtrue is the mass bias corrected ratio of the measured ratio, Rmeas is the measured 

ratio of the standard, and β is defined as the mass bias correction. 

(1) 𝑅𝑡𝑟𝑢𝑒 = 𝑅𝑚𝑒𝑎𝑠(
𝑚1

𝑚2
)𝛽 

m1,m2 = respective atomic masses 

(2) 𝛽  = 
𝐿𝑜𝑔(

𝑇𝑟𝑢𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑟𝑎𝑡𝑖𝑜

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑟𝑎𝑡𝑖𝑜
)

𝐿𝑜𝑔 (𝑚1
𝑚2

)
⁄  

 Since both the Faraday cup and ion counters are situated next to each other, there 

is some electronic interplay between the two. Faraday gains are tracked daily and 

adjusted for by the instrument through a daily calibration. Ion counter gains must be 

corrected for during the data reduction. Ion counter gains do not change greatly over the 

course of a day, so one measurement of a known standard is typically satisfactory. A 

simple correction factor (GIC) is calculated by comparing the measured isotopic ratio on 

both types of detector (e.g. 235U on an ion counter, 238U on a Faraday cup) to the known 

isotopic ratio [5]. The ion counter gain and mass bias corrected reported isotopic ratio 

defined as Rrep, is given by the following equation. 

(3) 𝑅𝑟𝑒𝑝 = 𝑅𝑡𝑟𝑢𝑒 ∗ 𝐺𝐼𝐶 
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3.3 Expanded Uncertainty 

 Uncertainty calculations for isotope ratios require important consideration when 

precise and accurate data are desired. The guidelines for calculating the commonly 

reported expanded uncertainties are outlines in Ross William’s paper presented to the 

Safeguards Symposium in Vienna, Austria in 2010. [19]  

 Expanded uncertainties take into account uncertainty in mass bias, detector gains, 

signal instability, baseline correction, instrument background, and spike correction 

values. The derived sensitivity coefficient for each value is multiplied by the standard 

deviation of the appropriate measurement. The variance of each measurement is defined 

as the square of that product. 

 The combined variance of a measurement is the sum of each variance in the 

measurement. The combined uncertainty is the square root of the combined variance. 

Finally, it is common to multiply the combined uncertainty by an integer coverage factor 

(k). The coverage factor is commonly 2 (k=2), and the result is reported as Expanded 

Uncertainty.  

3.4 Current Applications of Actinide MC-ICP-MS  

 Barbara Seth et al. published information relating to geochronology by measuring 

uranium and thorium isotope ratios by MC-ICP-MS in speleothem, marine calcite and 

coral samples.[12]  Their samples were dissolved in concentrated nitric acid and spiked 

with 229Th and 236U as chemical separation yield tracers. The liquefied samples were 

separated using chelating chromatography extraction resins. Their mass bias and ion 

counter gains were accounted for by a single solution of ~1 ng∙g-1 natural uranium. They 
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were able to repeatedly determine Th and U isotopic ratios in a quality assurance 

standard, over the course of 10 months, with an external precision of 1.1%. Their work 

demonstrated that they can measure isotope ratios near the accuracy of Thermal 

Ionization Mass Spectrometry (<0.001%), but much faster (no 3+ hour plating required) 

and with far less material [12]. 

 Gourgiotis et al. investigated the isotope ratios of uranium and plutonium in 

digested UO2 powders.[5] One of the interferences for 239Pu is the easily formed hydride 

of uranium, 238UH. They proposed using carbon dioxide as a reaction chamber gas in 

order to react with U to make the non-interfering UO2 at mass 270 amu. Their 

measurements were taken on a single focusing sector field MC-ICP-MS Isoprobe from 

GV instruments. By varying the gas flows according to which isotope ratio was being 

measured, they were able to accurately (< 1% RSD) determine isotopic ratios in both U 

and Pu, while avoiding the need for chromatographic separation of the two actinides [5]. 

 Schiller et al. tested the precision and accuracy of a ThermoFisher Neptune MC-

ICP-MS for measuring calcium isotope ratios against the more traditional method of 

TIMS on a ThermoFisher Triton TIMS.[11] Calcium has 5 stable isotopes, the lightest of 

which is 46Ca with a natural abundance of just 0.003%. Their samples were silicate rocks, 

which were digested in a nitric and hydrofluoric acid bath inside a 210 °C microwave 

digestion bomb.  Calcium in the samples was purified by a four step ion-exchange 

chromatography column, which achieved 99.9% recovery efficiency. Their results 

showed an 18-145 fold increase in precision (depending on isotope) over MC-ICPMS 

data presented thus far [11]. 
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In conclusion, MC-ICP-MS is often able to accurately and precisely determine 

isotopic ratios for many elements in the periodic table in many different sample types. 

The concurrent measurement gives it increased reliability and accuracy compared to time 

separated analysis, and is typically faster than the electroplating sample preparation 

necessary for TIMS analysis.   
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Chapter 4 Experimental Procedures 

4.1 Digestion 

Hair, fingernail, and toenail samples (13-400 mg) were collected from volunteers. 

Volunteers were split into control (n=6) and potential exposure groups (n=12). Each 

sample was weighed into a microwave digestion vessel with 3.1 mL of nitric acid and 1 

mL of 30% high purity hydrogen peroxide. Two digestion blanks were included with 

each set as an analytical blank. The vessels were heated to 140 °C at 400 W for 10 

minutes, and then ramped to 190 °C at 600 W for 25 minutes using a Milestone Ethos 

Plus microwave digestion system. After removing the vessels from the microwave, 

samples were cooled and transferred to acid leached 50 mL polypropylene vials and 

diluted to 8 mL with high purity water.   Following digestion, the solutions were clear 

indicating complete oxidation of organic material.  To each digested sample, 8 mL of 2 

M Al(NO3)3  (to prevent uranium-phosphate precipitants) and a 50 pg spike of 242Pu was 

added to measure Pu recovery from the separation were then added.  One sample from 

each set was split prior to separation and spiked with 2.5 ng of U from a solution 

prepared from U010 to measure the recovery of U from the separation.   

4.2 Chromatographic Actinide Extraction Resin Separation 

The U/Pu separation was based on a procedure published by Maxwell et al. to 

rapidly determine 237Np and Pu in urine samples. [1,2] We have modified the procedure 

to enable separation of U and Pu using the extraction resins TEVA, UTEVA and DGA 

(2mL, 50-100 µm bead) from Eichrom.  The oxidation state of Pu is adjusted before the 

samples are loaded onto the columns. To each sample vial, 0.5 mL of 1.5 M sulfamic acid 
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and 1.25 mL of 1.5 M ascorbic acid was added to reduce all Pu to Pu(III).  After 3 

minutes, 1 mL of 3.5 M sodium nitrite was added, which oxidizes Pu(III) to Pu(IV).  

After 10 minutes, the sample was loaded onto the stacked TEVA and UTEVA columns 

for separation. 

 

Figure 4.1 U/Pu chromatographic resin separation flow chart 

The stacked columns were rinsed with 10 mL of 3 M HNO3 immediately prior to 

use and the sample solutions were added drop-wise at approximately 1 mL per minute.  

Each sample container was rinsed with 3 mL of 3 M HNO3 and the rinse was loaded onto 

the columns.  Pu(IV) and Th(IV) are retained on the TEVA column and U(VI) is retained 

on the UTEVA column under these conditions. The columns were rinsed with 30 mL of 3 

M HNO3 to minimize U retention on the TEVA column and remove the matrix and 

Al(NO3)3.  The two columns were then separated.   

 Following Maxwell’s procedure [1], the TEVA column containing the Pu fraction 

was transferred to a DGA column using 15 mL of 3 M HNO3, 0.1 M ascorbic acid, and 

0.02 M ferrous nitrate solution to reduce Pu (IV) on the TEVA column to Pu(III).  The 

Pu(III) is retained on the DGA column in 3 M HNO3.  The TEVA column was removed 
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and the Pu on the DGA column was oxidized to Pu(IV) with 5 mL of 8 M HNO3.  

Remaining trace U(VI) was removed by rinsing the DGA column with 30 mL of 0.1 M 

HNO3.  The Pu was eluted by an on column reduction to Pu(III) with an 11 mL solution 

of 0.02 M HCl, 0.005 M HF, and 0.0001 M TiCl3.  The final solution was weighed and 

concentration measurements are reported by mass. 

The loaded UTEVA column was rinsed with 30 mL of 3 M HNO3 to remove any 

remaining matrix. The U was eluted from the UTEVA column using a 5 mL solution of 

0.02 M HNO3 and 0.005 M HF acid. The collected solution was ready for U analysis by 

MC-ICPMS.  The final solution was weighed and concentration measurements are 

reported by mass. 

4.3 Recovery Measurements  

The U recovery was measured by splitting and spiking two samples with U010 

prior to separation.  The measured average (n=2) U recovery was 105 ± 4%.  The U 

isotope ratios in hair and nail samples were measured by placing 238U and 235U ion beams 

on Faraday cups and the 234U ion beam on an ion counter.  Because the 235U signal in all 

the samples were less than 5 mV (too weak for accurate Faraday measurements), the 

solutions were re-analyzed with the 238U ion beam on a Faraday cup and the 235U ion 

beam on an ion counter.  The Pu isotope ratios were measured on a different analysis day 

to minimize the instrumental U background in order to minimize possible 238U1H+ 

interference on 239Pu.  During the Pu analysis 239Pu, 240Pu and 242Pu were measured on 

ion counters. The Pu recovery was measured by spiking each sample with 242Pu prior to 

separation.  The measured average (n=2) Pu recovery was 77 ± 11%. We observed in our 
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analysis that long wash out times of 15 or more minutes were required to adequately 

reduce Pu backgrounds in the instrument following the Pu standards.  The U and Pu 

concentrations in the samples were measured using an external calibration curve 

constructed from their respective standards, which are shown in Figures 4.2, 4.3 (U) and 

4.4, 4.5 (Pu).  An external precision of 0.5% and 0.6% relative standard deviation was 

measured from repeated analysis of the U010 standard over the course of a day for 

235U/238U and 234U/238U ratio, respectively (Table 4.1).   

4.4 Quality Assurance / SRMs 

A matrix matched powdered hair NCS DC 73347 and a natural uranium ICP-MS 

standard were used as quality controls. The concentration of U measured in NCS DC 

73347 was 70 (18) ng∙g-1.  The reference material NCS DC 73347 hair was not certified 

for U concentration or U isotope ratios.  The NCS DC 73347 material was measured 6 

times and the natural U standard was measured 18 times over 6 analysis days. These 

results are presented in Tables 4.2 and 4.3, respectively.  The 235U/238U measured in the 

DC 73347 reference material was 7.178 x 10-3 (7.0 x 10-5).  The 235U/238U measured in 

natural uranium standard was 7.187 x 10-3 (3.0 x 10-5).  The uncertainties (values in 

parenthesis) for the U isotope ratios in NCS DC 73347 and the in-house natural U 

reference materials are reported with k=2 and calculated as the standard deviation of the 

measurements made over 6 different analysis days.  These results compare well with the 

natural 235U/238U ratio of 7.257 x 10-3. Mass bias corrections were less than 2% for any 

given U or Pu ratio. Ion counter gain corrections ranged from 1-30% depending on date 

of analysis and condition of detectors. 
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Approximately 5 mg of U010 material was purchased from NBL and digested to 

create an in-house mass bias and ion counter gains standard. The standard was measured 

at the beginning, middle, and end of each data set. A rapid method for measuring both 

mass bias and ion counter gains was created (see Figure 4.2). 

The U010 method was a primary source of uncertainty for many of our 

measurements. Due to the relatively larger uncertainties in the minor isotopes, the 

downside of running one standard for both mass bias and ion counter gains was a higher 

uncertainty in the overall isotope measurements. 

Figure 4.2. Method for Mass Bias and Ion Counter Gains

 

A plutonium standard purchased from Eckert and Ziegler was measured 3 times 

per run (start, middle, end), and the results are presented in Table 4.4. The plutonium was 

not as precise as the uranium (~1% standard deviation for 239Pu/240Pu measurement), but 

the concentrations of 239Pu and 240Pu are very low (2.5 pg∙g-1 and 0.045 pg∙g-1 
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respectively). The limits of detection (3 times standard deviation of calculated 

concentration in acid blank) for 239Pu was 4.4 x 10-7 ng/g and for 240Pu 3.2 x 10-8 ng/g.  

Figure 4.3 Uranium-238 Concentration Calibration Curve 
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Figure 4.4 Uranium-235 Concentration Calibration Curve

 

Figure 4.5. Pu-239 Concentration Calibration Curve (error bars smaller than data point) 
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Figure 4.6. Pu-240 Concentration Calibration Curve (error bars smaller than data points) 
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Table 4.1 Repeated isotope ratio measurements of a U010 standard 

 

 

 

Table 4.2 NCS DC 73347 material repeated measurements for 234U/238U, 235U/238U, and 

U Concentrations 

 

 

235/238 234/238

U010 Standard 1 1.01E-02 5.35E-05

U010 Standard 2 1.00E-02 5.36E-05

U010 Standard 3 1.00E-02 5.34E-05

U010 Standard 1 1.00E-02 5.36E-05

U010 Standard 2 1.00E-02 5.37E-05

U010 Standard 3 1.00E-02 5.38E-05

U010 Standard 1 9.99E-03 5.30E-05

U010 Standard 2 9.98E-03 5.31E-05

U010 Standard 3 1.00E-02 5.33E-05

U010 Standard 1 1.00E-02 5.33E-05

U010 Standard 2 1.00E-02 5.36E-05

U010 Standard 3 1.00E-02 5.33E-05

U010 Standard 1 9.98E-03 5.33E-05

U010 Standard 2 9.95E-03 5.34E-05

U010 Standard 3 9.95E-03 5.29E-05

U010 Standard 1 1.01E-02 5.28E-05

U010 Standard 2 1.01E-02 5.27E-05

U010 Standard 3 1.00E-02 5.28E-05

Average 1.00E-02 5.33E-05

Standard Dev 5E-05 3E-07

RSD 0.5% 0.6%

U-238

U-238 U-235 U-234 Sample Mass in Sample

235/238 234/238 (ng/g) (ng/g) (ng/g) (g) (ng/g)

E30-QCH-001 7.23E-03 1.16E-04 2.74E-01 2.02E-03 3.28E-05 0.0413 5.66E+01

E30-QCH-002 7.21E-03 1.16E-04 1.21E+00 9.61E-03 1.56E-04 0.067 8.69E+01

E30-QCH-003 7.18E-03 1.11E-04 8.83E-01 6.45E-03 1.01E-04 0.0564 7.65E+01

E30-QCH-004 7.16E-03 1.15E-04 1.07E+00 7.74E-03 1.26E-04 0.0954 5.53E+01

E30-QCH-005 7.14E-03 1.11E-04 7.74E-01 5.62E-03 8.92E-05 0.0485 8.14E+01

E30-QCH-006 7.15E-03 1.13E-04 2.26E+00 1.64E-02 2.65E-04 0.1712 6.52E+01

Average 7.18E-03 1.14E-04

Std Dev 3E-05 2E-06

U Isotope Ratios

Measured Elution (Vial) Concentrations
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Table 4.3 Repeated Measurements of natural uranium standard 

 

 

 

 

 

 

 

 

 

 

 

235/238 234/238 Analysis Date

Natural Uranium 1.5 PPB 7.18E-03 5.27E-05 23-Apr-14

Natural Uranium 1.5 PPB 7.20E-03 5.28E-05 23-Apr-14

Natural Uranium 1.5 PPB 7.21E-03 5.27E-05 23-Apr-14

Natural Uranium 1.5 PPB 7.18E-03 5.30E-05 25-Apr-14

Natural Uranium 1.5 PPB 7.15E-03 5.28E-05 25-Apr-14

Natural Uranium 1.5 PPB 7.18E-03 5.29E-05 25-Apr-14

Natural Uranium 1.5 PPB 7.23E-03 5.29E-05 25-May-14

Natural Uranium 1.5 PPB 7.19E-03 5.22E-05 25-May-14

Natural Uranium 1.5 PPB 7.19E-03 5.24E-05 25-May-14

Natural Uranium 1.5 PPB 7.16E-03 5.26E-05 30-May-14

Natural Uranium 1.5 PPB 7.18E-03 5.32E-05 30-May-14

Natural Uranium 1.5 PPB 7.18E-03 5.25E-05 30-May-14

Natural Uranium 1.5 PPB 7.26E-03 5.24E-05 10-Jun-14

Natural Uranium 1.5 PPB 7.20E-03 5.24E-05 10-Jun-14

Natural Uranium 1.5 PPB 7.14E-03 5.23E-05 10-Jun-14

Natural Uranium 1.5 PPB 7.15E-03 5.21E-05 30-Jun-14

Natural Uranium 1.5 PPB 7.21E-03 5.23E-05 30-Jun-14

Natural Uranium 1.5 PPB 7.19E-03 5.17E-05 30-Jun-14

Average 7.19E-03 5.25E-05

Std Dev 3E-05 4E-07
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Table 4.4 Repeated measurements of Eckert and Ziegler 239Pu/240Pu standard 
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240/239 Analysis Date

Pu Standard 1 2.20E-02 2-May-14

Pu Standard 1 2.22E-02 2-May-14

Pu Standard 1 2.24E-02 2-May-14

Pu Standard 1 2.22E-02 7-May-14

Pu Standard 1 2.24E-02 7-May-14

Pu Standard 1 2.24E-02 7-May-14

Pu Standard 1 2.25E-02 20-May-14

Pu Standard 1 2.27E-02 20-May-14

Pu Standard 1 2.27E-02 20-May-14

Pu Standard 1 2.13E-02 28-May-14

Pu Standard 1 2.31E-02 28-May-14

Pu Standard 1 2.30E-02 28-May-14

Pu Standard 1 2.18E-02 10-Jun-14

Pu Standard 1 2.18E-02 10-Jun-14

Pu Standard 1 2.18E-02 10-Jun-14

Pu Standard 1 2.01E-02 26-Jun-14

Pu Standard 1 2.01E-02 26-Jun-14

Pu Standard 1 2.01E-02 26-Jun-14

Average 2.2E-02

Std Dev 1E-03

http://dx.doi.org/10.1097/HP.0b013e3182170648
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Chapter 5: Results 

Ch 5.1 Uranium results 

The U recovery was measured by splitting and spiking a nail and hair sample with 

3 ng each of a U010 standard prior to separation. The measured average U recovery was 

105 ± 4%. The instrumental limits of detection, defined as three times the standard 

deviation of the calculated concentration of an acid matched blank, for each U isotope (in 

ng∙g-1) were 8.1 x 10-3 (238U), 3.2 x 10-7 (236U), 7.2 x 10-5 (235U), and 4.8 x 10-7 (234U). 

The concentration of U measured in NCS DC 73347 was 70 (18) ng∙g-1. The reference 

material NCS DC 7334A7 hair is not certified for U concentration or U isotope ratios. 

The NCS DC 73347 material was measured 6 times and the natural U standard was 

measured 18 times over 6 analysis sets. The 235U/238U measured in the DC 73347 

reference material was 7.178 x 10-3 (7.0 x 10-5). The 235U/238U measured in natural U 

standard was 7.187 x 10-3 (3.0 x 10-5). The uncertainties for the U isotope ratios in NCS 

DC 73347 and the in-house natural U reference materials are reported with k=2 and 

calculated as the standard deviation of the measurements made over 6 different analysis 

sets. These results compare well with the natural 235U/238U ratio of 7.257 x 10-3. The 

concentration and 235U/238U, 234U/238U, and 236U/238U isotope ratio measurements for the 

controls are reported in Table 5.1 and the cases, with self-reported exposure information 

(see Appendix III), are reported in Table 5.2. The error for the isotope ratios was 

calculated as the expanded instrument uncertainty with k=2.  

The average 235U/238U ratio measured in all matrices of the control population was 

7.19 x 10-3  (1.3 x 10-4). The 235U/238U values measured in each case was compared to the 
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aggregate control group using a two-sided, one sample student-t test. In stark contrast to 

the controls, there is a high within-person variance in the 235U/238U ratio in hair, 

fingernail, and toenails in all of the cases as illustrated in Figure 5.1. Case A has levels of 

235U/238U levels in hair, fingernail, and toenail that are elevated above natural levels. 

Given that Case A self-reported that the last occurrence of occupational U exposure took 

place 12 months prior to enrollment into the study, this observation indicates that the 

keratinous matrices can provide information about “historical” exposure for at least a 

year. Case E had a significantly elevated 235U/238U ratio in hair and a significantly 

depleted 235U/238U ratio in toenail. Similarly, Case F had a significantly elevated 

235U/238U ratio in fingernail and a significantly depleted 235U/238U ratio in toenail. 

Continuous or steady internal exposure should result in similar 235U/238U ratios in the 

hair, fingernail, and toenail for each case. This was observed by Karpas et al., who 

measured a high correlation between the 234U/238U ratio in the well water, urine, and hair 

of subjects who regularly consumed well water with high concentrations of U. [1]  

The hair, fingernail, and, toenail samples contain an unknown amount of external 

U contamination. The possibility for external occupational exposure to U is expected to 

be greatest for hair and fingernails and lowest for toenails. We do observe non-natural 

235U/238U and 236U/238U ratios in the toenail samples of the cases. For example, the 

235U/238U ratio in toenail is higher than fingernail and hair in Case A and Case B. Several 

other cases that report exposure to DU have 235U/238U ratios that are less than the natural 

ratio. Since toenails from the Y12 cases also have non-natural 235U/238U ratios, it is 

unlikely that the variance observed in the 235U/238U ratio in hair, fingernail, and toenail is 

solely attributable to external contamination. Participants were asked to report any 
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elevated level of U from an occupational urinalysis. Two of the cases self-reported 

elevated levels of U in urine samples and four cases self-reported non-elevated urinary U 

levels. The two cases that reported elevated U levels in urine had internal exposure to 

non-natural 235U/238U. This supports the conclusion that the 235U/238U ratio in hair, 

toenail, and fingernail also partially reflects internal exposure to non-natural U. The four 

cases who self-reported non-elevated levels of U in urine were clearly occupationally 

exposed to non-natural sources of U. It should be emphasized that the lack of an elevated 

U level in urine does not exclude the possibility that these cases were internally exposed 

to non-natural U. The U compartment model published by Li et al. reports that U levels 

peak in urine within 4 hours and return to 1.5% of peak excretion within 3 days.[2] A 

false-negative urine test could result from sample collection that occurred weeks or 

months following exposure. While the question of how the anthropogenic U is 

incorporated into the hair and nail of an individual exposed to special nuclear material 

should be further evaluated, it is clear from the results presented in Figure 5.1 that the 

235U/238U isotope ratio among hair, fingernail and toenail reflects exposure to enriched 

and depleted U.  

The high within-person variability of 235U/238U between fingernail, toenail, and 

hair samples could be caused by intermittent occupational exposure and/or exposure to 

multiple enrichments of U. Metabolically deposited U is expected to enter the hair or nail 

matrix at the time in which the keratin is produced. The biokinetic model published by Li 

et al. suggests that U is deposited into hair and nail during its growth. [2] To our 

knowledge the time response of U intake and subsequent change in U concentration in 

hair and nail has not been experimentally measured. However, work has been done to 
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describe the time response of hair and nail to changes in selenium and mercury intake. 

Longnecker et al. demonstrated that toenail selenium levels reflect dietary intake 

integrated over a period of 26 – 52 weeks prior to collection. [3] The time lag of 26 

weeks is the result of sampling the distal portion of the toenail. Hair segment analysis has 

been used in many studies to monitor exposure to mercury using a commonly assumed 

average hair growth rate of 1 cm per month. [4,5] The first cm of hair reflects mercury 

exposure over the previous 3 - 7 weeks since a portion of the hair remains below the 

scalp. [6] It is therefore reasonable to infer that hair, fingernail, and toenail samples 

collected at the same time reflect internal U exposure at different times over the past 3 – 

52 weeks. This inference is supported by the observation of non-natural U isotope ratios 

in Case A whose most recent exposure was 12 months prior to the study. The variance of 

the 235U/238U ratio measured within the hair, fingernails, and toenails of the cases 

suggests that the cases were intermittently exposed to anthropogenic U at different 

enrichments.  

The measured 234U/238U ratio in the DC73347 reference material and the natural U 

standard was 1.138 x 10-4 (2.2 x 10-6) and 5.25 x 10-5 (6.6 x 10-7), respectively. The 

measured 234U/238U ratios in the NCS DC 73347 reference material deviate significantly 

from the natural ratio of 5.46 x 10-5. The NCS DC 73347 reference material does contain 

relatively high concentrations of Pb, Hg, Cl, S, and P which could form polyatomic 

interferences that interfere with measurement of 234U and 236U. Pollington et al. reported 

that the polyatomic species 194Pt40Ar+ interfere with measurement of 234U and use of a 

desolvating nebulizer increases the 194Pt40Ar+ interference.[7] The authors demonstrate 
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that a U separation made using UTEVA extraction chromatography removed the Pt and 

Pb from the U fraction and effectively reduced the 234U interference.  

In order to investigate these potential isobaric interferences, a hair QC sample was 

spiked with 0.5 ng each of Hg, Pt, Au, and Tl. This is more than twice the amount of Au 

and Hg, and more than 50 times the amount of Pt and Tl present in the original digested 

hair sample (measured by NexION quadrupole ICPMS). The 234U/238U ratio was then 

remeasured. The original ratio was 1.161 x 10-4 and it was 1.175 x 10-4 after spiking. This 

demonstrates using a UTEVA column removes enough Cl, Ar, P, and S from the digested 

samples such that they do not form enough m=234 polyatomic species to effectively 

interfere with the 234U/238U  ratio.[8] The 234U/238U  ratios measured in the NCS DC 

73347 hair, and the study samples, were consistent with the range of 234U/238U ratios, 5.1 

x 10-5 to 2.52 x 10-4, measured in hair samples from a Finnish population.[1] The cause of 

this deviation is thought to be the natural disequilibrium of 234U that results when water 

leaches U from minerals due alpha recoil from the decay of 238U.[9]  

We previously hypothesized that the 234U/238U ratio could be used to distinguish 

groups of people based on their common exposure to distinct U sources. [8] Certainly the 

234U/238U ratio in the cases is influenced by occupational exposure to non-natural U 

sources. However, the influence of the non-natural sources on the final 234U/238U ratio 

appears to be small relative to the natural variation in the 234U/238U observed in the cases. 

In this study there was not a significant difference in the 234U/238U ratio between the case 

and control groups in the fingernails, toenails, or hair. This suggests that exposure to 

natural U occurs from a variety of sources that have variable 234U/238U ratios. For 
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example, U exposure may occur through consumption of food that is grown or produced 

in a number of different regions. Each region may have a 234U/238U ratio in groundwater 

that is dependent on the local geology.[10] It is also notable that the fingernails from the 

control group often have a measured 234U/238U ratio that is lower than the 234U/238U ratio 

measured in toenail and hair. We speculate that this could be caused by external exposure 

to U minerals in natural soils that have been depleted in 234U.  

The 236U/238U ratio measured in the DC73347 reference material, the in-house 

natural U standard, and the control group was not reported because the 236U signal was 

below the limit of detection. In stark contrast, six cases from Y12 NSC contained a 

236U/238U ratio in hair, fingernail, or toenail that was above the minimum detectable ratio. 

The isotope 236U is produced by neutron capture of 235U in a nuclear reactor and its 

presence is evidence that reactor fuel has been reprocessed. [11] The Y12 NSC has a 

history of using recycled U targets that were previously irradiated at the Hanford or 

Savannah River sites. [12] These U targets would be expected to contain trace levels of 

reactor produced 236U. These results again support the use of nail and hair as biomonitors 

for exposure to special nuclear materials.  

There are several limitations in this study. We compared a small, occupationally 

exposed group from Y12, TN to a small control groups from Columbia, Mo. The average 

concentration of U measured in the aggregate controls was significantly higher than the 

cases (p<0.05). The P value of <0.05 (95% confidence interval) was selected due to 

common practice in epidemiological literature. [13] However, the case and control 

groups were likely exposed to different sources and levels of environmental U. The 
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concentration differences of U in hair, fingernails, and toenails between the case and 

control groups are therefore not directly comparable (Table 5.3). Measuring the U 

concentration difference in hair and nail between occupationally exposed individuals and 

a control group was not the objective of this work. Instead, we compared the isotope 

ratios 234U/238U, 235U/238U, and 236U/238U of the cases and the control group. The low 

variability of 235U/238U in nature and the absence of natural 236U make this comparison 

reasonable. Another limitation in this study is the lack of detailed knowledge of how a 

worker was occupationally exposed to anthropogenic U.  

Pursuant to nuclear forensic investigations, it may be interesting to conduct a 

survey of the U isotope ratios in the hair and nails of people involved in different parts of 

the nuclear fuel cycle. For example, it may be useful to know the expected range of 

235U/238U ratios in people working at a centrifuge enrichment plant that produces LEU. It 

may also be useful to monitor U isotope ratios in the hair, fingernail, and toenail to 

populations following a nuclear accident. In this instance, the monitors may be useful in 

constructing the radiation dose months or years after the accident.  

Ch 5.2 Plutonium Results 

A plutonium standard made by Eckert and Ziegler Labs was measured 3 times per 

run (start, middle, end). Figure 5.2 is a plot of the 240Pu/239Pu isotope ratios with 

uncertainties. The plutonium results were not as accurate as the uranium, but the 

concentrations of 239Pu and 240Pu are very low (2.5 pg/g and 0.045 pg/g respectively). 

The instrument limit of detection for 239Pu was 4.4 x 10-7 ng/g and for 240Pu 3.2 x 10-8 

ng/g.  
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The concentrations of 239Pu were above the detection limit in only four cases (see 

Table 5.3). There was no detectable 240Pu in any sample. Possible causes of Pu exposure 

were investigated more thoroughly due to the rare nature of the result. In Case 1, the 

worker was a nuclear engineer who suggested their work on a subcritical assembly in 

their past was a possible vector for Pu exposure. Case 2 was an occupationally exposed 

worker at both Oak Ridge National Lab and Savannah River National Lab. Case 4 was 

from a Russian special nuclear material worker who had spent time working with Pu at 

The Institute of Physical Chemistry (Russian Academy of Sciences), Lawrence Berkeley, 

and New Brunswick Laboratory. In each of these three cases a clear vector of exposure 

was identified.  

 Case 3 was not a special nuclear material worker and had no expectation of Pu 

presence in their nail. Further investigation revealed case 3 was born and lived in Japan 

shortly after World War II. It is conceivable that consumption of fish and other foodstuffs 

from an area affected by fallout from the Fat Man bomb was the source of this exposure. 

Table 5.4 contains the results from the original sample collection that had 

measurable amounts of 239Pu. Table 5.5 contains results of the same Set 1 samples 

reanalyzed a year later. Table 5.6 contains results for samples collected from relatives of 

volunteers who had measurable amounts of 239Pu The results in Table 5.6 are mostly 

below the instrumental limits of detection, but there was one volunteer that showed a 

detectable amount of 239Pu. This result provides some evidence of Pu bioavailability 

among family members, possibly environmentally sourced. This conclusion is weakened 

by only one sample having measurable amounts of 239Pu. 
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Figure 5.1 235U/238U in hair and nail of both control (non-exposed, Columbia MO) and 

occupationally exposed samples
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Figure 5.2 Repeated measurements of 240Pu/239Pu standard 
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Table 5.1 235U/238U, 234U/238U, and 236U/238U isotope ratio measurements for the controls 

with expanded uncertainties 

  
Isotope 

Ratio 

Exp Unc Isotope Ratio Exp Unc Isotope 

Ratio 

Exp Unc 

  
236/238 k=2 235/238 k=2 234/238 k=2 

Contr

ol A 

Hair 
  

7.08E-03 1.2E-03 6.21E-05 6.7E-06 

 
Fingernail 

  
7.13E-03 1.7E-04 5.47E-05 5.0E-06 

 
Toenail 

  
7.14E-03 1.7E-04 5.74E-05 4.0E-06 

Contr

ol B 

Hair 3.16E-07 9.3E-07 7.17E-03 5.2E-05 3.75E-04 9.2E-06 

 
Fingernail 

  
7.13E-03 1.7E-04 1.38E-04 7.2E-06 

 
Toenail 

  
7.15E-03 1.6E-04 3.37E-04 9.3E-06 

Contr

ol C 

Hair 1.80E-06 1.2E-06 7.14E-03 1.8E-04 1.89E-04 7.3E-06 

 
Fingernail 2.39E-07 2.1E-06 7.07E-03 2.6E-04 1.38E-04 7.8E-06 

 
Toenail 5.96E-07 4.6E-07 7.17E-03 6.7E-05 2.02E-04 4.8E-06 

Contr

ol D 

Hair 3.77E-07 4.4E-06 8.13E-03 2.1E-04 9.52E-05 5.1E-06 

 
Fingernail 3.97E-07 9.1E-08 7.18E-03 1.6E-04 8.64E-05 2.2E-06 

 
Toenail 3.95E-07 6.7E-08 7.19E-03 1.6E-04 8.90E-05 2.1E-06 

Contr

ol E 

Hair 2.65E-06 8.3E-07 7.59E-03 6.9E-05 1.80E-04 4.9E-06 

 
Fingernail 

  
7.58E-03 2.6E-04 7.86E-05 9.6E-06 

 
Toenail 

  
7.11E-03 2.6E-04 1.52E-04 8.2E-06 

Contr

ol F 

Hair 8.60E-07 9.2E-07 7.15E-03 1.7E-04 2.65E-04 1.1E-05 

 
Fingernail 0.00E+00 6.4E-07 7.15E-03 1.7E-04 2.78E-04 9.8E-06 

 
Toenail 1.05E-06 1.4E-06 7.15E-03 1.2E-04 1.19E-04 7.4E-06 
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Table 5.2 235U/238U, 234U/238U, and 236U/238U isotope ratio measurements for exposed 

workers with expanded uncertainties 

  

Isotope 

Ratio 

Exp Unc 
Isotope 

Ratio 

Exp Unc 
Isotope 

Ratio 

Exp Unc 

 

Case Matrix 236/238 k=2 235/238 k=2 234/238 k=2 
Self Reported 

Case History 

Case A Hair <LOD 1.1E-05 1.1E-02 1.5E-03 1.1E-04 6.5E-05 

 

 
Fingernail <LOD 3.5E-06 1.1E-02 2.8E-04 1.2E-04 6.4E-06 

Y-12, Inspector, 

DU, HEU 

 

Toenail 3.2E-05 3.2E-06 1.3E-02 4.3E-04 1.4E-04 5.1E-06 

 

Case B Hair 7.2E-06 9.8E-07 8.3E-03 1.9E-04 8.6E-05 4.3E-06 

 

 

Fingernail 4.2E-05 3.4E-06 1.7E-02 3.8E-04 1.5E-04 8.2E-06 
Y-12, Inspector, 

HEU 

 

Toenail 1.3E-04 3.7E-06 2.3E-02 5.2E-04 2.4E-04 6.9E-06 

 

Case C Hair 2.2E-05 4.0E-06 7.4E-03 1.7E-04 7.0E-05 5.1E-06 

 

 

Fingernail 1.2E-04 7.1E-06 5.6E-03 2.1E-04 5.0E-05 3.6E-06 Y-12, DU, HEU 

 

Toenail 1.0E-04 1.2E-05 7.0E-03 3.6E-04 6.8E-05 1.1E-05 

 

Case D Hair 2.6E-05 1.4E-05 8.1E-03 2.1E-03 7.9E-05 1.7E-05 
 

 
Fingernail 1.5E-04 1.4E-05 6.7E-03 2.1E-04 6.0E-05 4.4E-06 

Y-12, HEU, DU, 

NU, LEU 

 
Toenail 7.0E-05 4.1E-06 6.7E-03 2.1E-04 6.3E-05 3.8E-06 

 

Case E Hair 7.4E-05 3.7E-06 1.4E-02 3.5E-04 1.6E-04 6.7E-06 
 

 
Fingernail NS 

 
NS 

 
NS 

 

Y-12, K-25, HEU, 

DU, NU, LEU 

 

Toenail 5.4E-05 1.7E-06 5.5E-03 1.6E-04 4.6E-05 1.5E-06 

 

Case F Hair 6.9E-06 3.9E-07 7.0E-03 1.6E-04 1.3E-04 3.2E-06 

 

 
Fingernail 2.9E-04 3.3E-05 2.1E-02 1.6E-03 2.7E-04 2.5E-05 

Y-12, HEU, DU, 

NU, LEU 

 

Toenail 4.2E-05 1.6E-06 5.8E-03 1.8E-04 8.0E-05 3.2E-06 
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Table 5.3 Case and Control sample 238U concentrations 

 

 

 

 

    

U-238 

     

U-238 

   

Sample 

Mass 

in 

sample 
    

Sample 

Mass 

in 

sample 
Type DTRA ID Matrix (g) (ng/g) 

 

Type DTRA ID Matrix (g) (ng/g) 

case 101414 Hair 0.0403 1.6E+01 

 

control 101155 Hair 0.0809 9.9E+00 

case 101414 Fingernail 0.1168 4.9E+00 

 

control 101155 Fingernail 0.0653 1.3E+01 

case 101414 Toenail 0.1064 1.5E+01 

 

control 101155 Toenail 0.082 1.5E+01 

case 103551 Hair 0.0137 3.8E+01 

 

control 107823 Hair 0.0386 5.3E+01 

case 103551 Fingernail 0.1325 4.9E+00 

 

control 107823 Fingernail 0.0269 3.0E+01 

case 103551 Toenail 0.2121 4.3E+00 

 

control 107823 Toenail 0.2289 1.4E+01 

case 108891 Hair 0.1053 1.3E+02 

 

control 154821 Hair 0.0174 7.4E+01 

case 108891 Fingernail 0.1169 2.7E+01 

 

control 154821 Fingernail 0.0635 1.6E+01 

case 125318 Hair 0.392 8.8E+00 

 

control 154821 Toenail 0.161 1.9E+01 

case 125318 Toenail 0.0333 5.3E+00 

 

control 165907 Hair 0.3694 2.1E+03 

case 139204 Hair 0.0474 5.7E+01 

 

control 165907 Fingernail 0.0562 2.8E+02 

case 139204 Fingernail 0.0668 1.7E+01 

 

control 165907 Toenail 0.0673 3.3E+02 

case 139204 Toenail 0.0747 2.8E+01 

 

control 177656 Hair 0.1951 9.9E+00 

case 141340 Hair 0.1353 1.7E+01 

 

control 177656 Fingernail 0.0148 2.1E+01 

case 141340 Fingernail 0.2287 8.1E+00 

 

control 177656 Toenail 0.0653 8.3E+00 

case 141340 Toenail 0.0828 1.3E+01 

 

control 195410 Hair 0.1171 8.1E+00 

case 147749 Hair 0.1638 1.7E+01 

 

control 195410 Fingernail 0.0443 2.2E+01 

case 147749 Fingernail 0.0403 1.7E+01 

 

control 195410 Toenail 0.058 9.1E+00 

case 147749 Toenail 0.0677 4.8E+01 

      case 149480 Hair 0.1687 1.0E+01 

      case 149480 Fingernail 0.0962 6.2E+00 

      case 149480 Toenail 0.2273 6.2E+00 

      case 156294 Hair 0.0725 1.3E+01 

      case 156294 Fingernail 0.0793 7.4E+00 

      case 156294 Toenail 0.06 5.7E+00 

      case 168043 Hair 0.0627 1.3E+01 

      case 168043 Fingernail 0.0841 2.0E+01 

      case 168043 Toenail 0.2216 7.2E+00 

      case 180861 Hair 0.1794 8.3E+00 

      case 180861 Toenail 0.2348 1.3E+02 

      case 194747 Hair 0.0594 3.8E+02 

      case 194747 Fingernail 0.0672 2.7E+01 

      case 194747 Toenail 0.0845 5.3E+01 
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Table 5.4 Initial 239Pu and 242Pu Measurements (Set 1) 

 

 

 

 

Table 5.5 Reanalyzed Set 1 Measurements 

 

 

Pu-239

Pu-242 Sample

Sample Mass Recovery Concentration

DTRA ID MURR ID Matrix (g) % (ng/g) Self Reported Case History

107823 E30-1-051 Case 1 Hair 0.039 94% <LOD

107823 E30-1-030 Fingernail 0.027 65% 5.1E-04 Worked with Sub-Critical Assembly

107823 E30-1-029 Toenail 0.229 79% <LOD

125318 E30-1-032 Case 2 Hair 0.392 89% 7.5E-05

125318 E30-1-010 Fingernail 0.102 90% <LOD SRNL, ORNL

125318 E30-1-009 Toenail 0.033 101% 6.3E-04

139204 E30-1-046 Case 3 Hair 0.047 69% <LOD

139204 E30-1-050 Fingernail 0.067 92% 6.0E-04 Born in Japan post WWII (fish consumption)

139204 E30-1-049 Toenail 0.075 66% <LOD

141340 E30-1-044 Case 4 Hair 0.135 80% <LOD

141340 E30-1-022 Fingernail 0.229 86% 1.2E-04 Institute of Phys Chem(RAN), LBL, BNL

141340 E30-1-021 Toenail 0.083 79% 4.3E-05

Vial Reanalyzed Original

239 239 Elution Sample Sample Sample

Signal conc PPB Mass Mass Concentration Concentration

E30-1-009 5E-08 3.8E-07 10.700 0.0333 1.2E-04 6.3E-04

E30-1-022 2E-07 1.6E-06 10.712 0.2287 7.6E-05 1.2E-04

E30-1-030 3E-07 2.6E-06 10.533 0.0269 1.0E-03 5.1E-04

E30-1-050 2E-07 1.6E-06 10.728 0.0668 2.5E-04 6.0E-04
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Table 5.6 239Pu results (Set 2, samples collected from family members related to 

volunteers in
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Chapter 6: Conclusions and Future Work 

In this study, we were able to identify individuals who self-reported exposure to 

enriched U or depleted U by the 235U/238U ratio in hair, fingernail, and toenail. This work 

demonstrates hair and nail can be used to monitor low level occupational exposure to 

enriched and depleted U and is also sensitive to ultra-trace levels of 236U.   The 

similarities between controls and occupational workers in the 234U/238U isotope did not 

lend itself to a strong conclusion. In contrast, the uranium concentration in biomarkers 

does not necessarily correlate with exposure types in this study. 

The initial measurement of four samples from controls showed detectable levels 

of plutonium. However, the measured values were ultra-trace in quantities near the 

instrumental detection limit. Unfortunately, the follow up to the plutonium cases did not 

show further detectable plutonium. However, based off standard measurements and spike 

recoveries, there is strong evidence that MC-ICP-MS is a precise and accurate method to 

measure U and Pu isotope ratios in hair and nail samples. 

While an effective pilot study for demonstrating the biomarker capabilities of hair 

and nails, the study did present some areas for improvement. It would have been 

beneficial to have local control and exposed worker samples, as we could not control for 

things like local diet and water intake. Using controls from the same geographic region as 

potentially exposed cases would increase the likelihood that 234U could be used in the 

isotope ratio comparison. Moreover, in order to maximize the chance of detection of 

special nuclear materials, samples were not washed, which precludes separating 

exogenous and endogenous exposure. Finally, it was not possible to reasonably conclude 
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whether sample exposure was from a chronic or acute exposure given the “snapshot” of 

samples we received.  

Future Work 

Considering these potential future research avenues, it would be prudent to 

redesign the sample collection protocol and collect multiple samples from the same 

regions (near exposed worker facilities) over several years. Unfortunately collecting 

samples in the United States from occupationally exposed workers is challenging because 

of the hesitancy of the national labs to participate, making a large cohort study 

impracticable. An internal assessment by a national lab or private industry would be far 

more likely to show stronger conclusions. 

An alternative path for sample collection could be the United States Transuranium 

and Uranium Registry (USTUR). Their mission is to “Evaluate health outcomes, causes 

of death, and life expectancy of former nuclear workers (volunteer Registrants) who had 

documented accidental intakes of uranium and the transuranium elements”.[1] Their 

website currently lists more than 300 such donors, however a literature search reveals no 

published analysis of either human hair or nail. If still in possession of the partial or 

whole cadavers (assuming proper preservation practices) it should be possible to analyze 

for the long-lived isotopes of both U and Pu. [1] 

Another avenue of exploration would be nuclear forensic outlets. Due to the 

strong evidence for hair and nail to act as biomarkers for SNM, this method could have 

national security applications. It could be possible to collect samples from trafficking 
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suspects and provide evidence for or against exposure. Sample digestion, separation and 

analysis could be automated to provide faster turnaround times.   

Clearly, regardless of the best personal protective equipment and protection safety 

procedures practiced at national labs, there is still exposure to special nuclear material. 

There must be a direct or indirect exposure path for things like 236U for this isotope to be 

deposited in hair and nail. Given the long lifetime of both U and Pu in the human body, 

the samples may be representative of older exposures. It would be worthwhile to continue 

to collect samples from both more experienced and younger special nuclear material 

workers for comparison, in the name of continuing excellence in safety culture.  

Recent articles are still using urine for their primary isotopic measurements in 

humans. [2,3] However, concentration measurements in hair and nails are beginning to 

become more popular.[4,5] The outlook for measuring actinide concentrations and 

isotope ratios via keratin based human biomarkers is bright. 
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Appendix 1. Talanta U and Pu Methodology Paper Title Page
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Appendix II. Analytical Chemistry Uranium Paper Title Page 
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Appendix III. Survey Questionnaire for study volunteers 

This survey requests information about you and any occupational exposure you may have 

had to thorium, uranium and/or plutonium.  These answers are strictly confidential and 

will be used for scientific purposes only.  You will not be identified in any scientific 

publication or report.  Please take the time to read each question carefully, and check the 

answer that best applies to you.  Thank you. 

 

Full Name __________________________________ 

Home mailing address  

__________________________________________ 

__________________________________________ 

__________________________________________ 

 

Phone contact number with area code 

(   ) 

 

Email address ______________________________ 

 

Preferred method of contact 

___ Telephone 

___ Email 

___ Ground mail 
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1.  Sex – Circle:  M or F   

 

2.  Age(years) _____    Height (feet, inches) _________    weight_________    (pounds)  

 

3.  Are you a smoker? 

___Current 

___Past   years since last smoked  _____years 

___Never 

 

4.  Did you donate a hair sample? 

___  Yes  Where was the hair sample taken from?  Circle one:   Scalp    Arm    Chest    

Pubic 

___  No 

 

5.  If yes to question 4 check next to any of the following that apply.  

___ Tinted 

___ Dyed 

___ Color rinsed 

___ Highlighted 

___ Bleached 

___ Permanent in the last 30 days   

___ No treatments 
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6.  Did you donate a fingernail sample? 

___  Yes 

___  No 

 

 

 

7.  Did you donate a toenail sample? 

___  Yes 

___  No  

 

8.  Do you have 

         Artificial toenails (circle) Y   or   N  

         Artificial fingernails (circle) Y   or   N 

 

9.  Have you served as a member of the Army, Navy, Marines, Air Force, Coast Guard or 

National Guard?  Check all that apply. 

____ I have not served in the military 

____ Army 

____ Navy 

____ Marine 

____ Air Force 

____ Coast Guard 

____ National Guard 
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10.  Have you ever been exposed to depleted uranium? 

___ Yes 

___ No 

___ Don’t know 

 

11.  Are you a Radiological Worker?   

____Current 

____Former 

____Never    IF NEVER:  STOP.  You are done with the survey. 

 

 12.  Have you ever worked at a laboratory/Plant where you may have been exposed to 

Uranium? 

____Yes   Which laboratory/Plant? 

___________________________________________________________ 

____No 

 

13.  If yes to question 12, do you currently work at the laboratory/Plant where you may 

have been exposed to uranium? 

____ Yes   How many years have you been there? _____ 

____No     How many years since you left the laboratory/Plant? _____ 

 

14.  Have you ever participated in a uranium urinalysis program? 
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____ Yes 

____ No 

 

15.  Have you ever participated in a uranium fecal analysis program? 

____ Yes 

____ No 

 

16.  Have you ever had an elevated level of uranium indicated by a urinalysis or a fecal 

analysis program? 

____ Yes   circle one or both which indicated elevated level:    Urinalysis       fecal 

analysis 

____ No 

 

17.  Was the uranium that you worked with (check all that apply) 

____ Depleted 

____ Natural 

____ LEU 

____ HEU 

____ >90% U-235 

____ U-233  

____ Don’t know 

____ I have not worked with uranium 
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____ Other (please 

specify)_________________________________________________________________

___ 

 

18.  Please check all that apply 

____ I have never worked with uranium 

____ I worked with uranium on the laboratory bench top 

____ I worked with uranium in a fume hood 

____ I worked with uranium during mining or milling operations 

____ I worked with uranium during enrichment processing operations 

____ I worked with uranium during fabrication of materials containing uranium 

____ I worked with uranium during chemical recovery (reprocessing) 

____ I worked with uranium in another capacity 

 Please 

explain__________________________________________________________________

______ 

________________________________________________________________________

__________________ 

 

19.  Please check all that apply 

____ I was potentially exposed to uranium through skin contact  

____ I was potentially exposed to uranium through inhalation  

____ I was potentially exposed to uranium through ingestion 
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____ I have not been exposed to uranium 

 

20.  Have you ever worked at a laboratory/Plant where you may have been exposed to 

plutonium? 

___ Yes    Which 

laboratory/Plant?__________________________________________________________

__ 

 

21.  If yes to question 20, do you currently work at the laboratory/Plant? 

___Yes   How many years have you been there? ___ 

___No    How many years since you left the laboratory/Plant? ___ 

 

22.  Have you ever participated in a plutonium urinalysis program? 

____ Yes 

____ No 

 

23.  Have you ever participated in a plutonium fecal analysis program? 

____ Yes 

____ No 

 

24.  Have you ever had an elevated level of plutonium indicated by a urinalysis or a fecal 

analysis program? 
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____ Yes   circle one or both which indicated elevated level:    Urinalysis       fecal 

analysis 

____ No 

 

25.  Please check all that apply 

____ I work with Pu-238 used in radioisotope thermoelectric generators (RTG) 

____ I work with weapons production 

____ I work with disposal of plutonium from US-Russian disarmament agreements 

____ I work with mixed oxide fuel production (MOX) 

____ I work with nuclear fuel reprocessing 

____ don’t know 

____ other (please specify) 

________________________________________________________________________

________________________________________________________________________

____________________________________ 

 

26.  Please check all that apply 

____ I have never worked with plutonium 

____ I worked with plutonium on the laboratory bench top 

____ I worked with plutonium in a fume hood 

____ I worked with plutonium in another capacity 
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 Please 

explain__________________________________________________________________

______ 

________________________________________________________________________

__________________ 

 

27.  Please check all that apply 

____ I was potentially exposed to plutonium through skin contact  

____ I was potentially exposed to plutonium through inhalation  

____ I was potentially exposed to plutonium through ingestion 

____ I have not been exposed to plutonium 

 

28.  Have you ever worked at a laboratory/Plant where you may have been exposed to 

thorium? 

___ Yes   Which 

laboratory/Plant?__________________________________________________________

__ 

___ No 

 

29.  If yes to question 28, do you currently work at the laboratory/Plant where you were 

exposed to thorium? 

___Yes   How many years have you been there? ___ 

___No    How many years since you left the laboratory/Plant? ___ 
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30.  Have you ever participated in a thorium urinalysis program? 

____ Yes 

____ No 

 

31.  Have you ever participated in a thorium fecal analysis program? 

____ Yes 

____ No 

 

 

32.  Have you ever had an elevated level of thorium indicated by a urinalysis or a fecal 

analysis program? 

____ Yes   circle one or both which indicated elevated level:    Urinalysis       fecal 

analysis 

____ No 

 

33.  Please check all that apply 

____ I have never worked with thorium 

____ I worked with thorium on the laboratory bench top 

____ I worked with thorium in a fume hood 

____ I worked with thorium during mining or milling operations 

____ I worked with thorium during welding with tungsten welding rods 

____ I worked with thorium on the thorium to uranium-233 program  
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____ I worked with thorium on nuclear reactor experiments 

____ I worked with thorium during chemical extraction or processing  

____ I worked with thorium in another capacity, please 

explain.______________________________________ 

________________________________________________________________________

________________________________________________________________________

____________________________________ 

 

34.  Please check all that apply 

____ I was potentially exposed to thorium through skin contact  

____ I was potentially exposed to thorium through inhalation  

____ I was potentially exposed to thorium through ingestion 

____ I have not been exposed to thorium 

 

Thanks for completing survey. 
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