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Abstract 

One of the first concerns for forensic anthropologists in dealing with skeletal 

remains in the Australian context is the determination of whether the remains are of 

anthropological, historical or archaeological interest.  If fewer than 75 years have 

elapsed since death, remains are classified as anthropological and of forensic 

interest. However, an accurate and reliable method for estimating time since death 

(TSD) from human skeletal remains has thus far eluded forensic anthropologists.  

This study investigates the application in an Australian context of a novel approach 

proposed by Swift (2001) to dating skeletal remains from their contained levels of 

radioisotopes 210Po, 238U and 226Ra and trace elements.  Radionuclide activity 

concentrations were determined using alpha and gamma spectrometry.  Trace 

element concentrations were measured on three separate occasions using 

inductively coupled plasma mass spectrometry (ICP-MS).   

Discriminant analysis of the combination of activity concentration values for 210Po, 

238U and 226Ra indicated the possibility of separation of bones derived from 

individuals who had died in the three eras of interest.  Additionally, variations in the 

concentration levels of specific trace elements and certain inter-element 

relationships between elements also showed significant correlations with TSD.  The 

study could not be exhaustive as access to human skeletal material was limited and 

additionally, the archaeological material had a different origin and post-death 

history to material from the more recent past.  However, trend lines for inter-

relationships between specific metals and for radionuclides indicated that all 

material fitted the same generally projected trends and as such, inferences with 

respect to variations of trace elements and radionuclides could be made with 

confidence. 

Bone radionuclide activity and calcium concentrations were all significantly higher in 

bones from the archaeological era than those from more recent eras, while trace 

lead concentrations contained in samples from the more recent historical era were 

significantly higher than those from other eras. Barium, lanthanum, rubidium, 

strontium, cerium and neodymium concentrations were all significantly correlated 

with one another and with radionuclide activity concentrations.  Differences were 

found between the patterns of radionuclide activity and trace element 

concentrations between the skull and femur.  
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The results of this study lend support to suggestions that multivariate analysis of 

trace element concentrations and radionuclide activity levels could aid in the 

estimation of time since death from skeletal remains in Australia.  Although this 

study made use of only a limited amount of material, results clearly indicated the 

need to take into account variations arising from lifetime activities, diagenesis and 

bone type in applying the techniques to estimations of time since death.  It 

highlights the need for a large-scale study using bone of known ages that 

systematically examines these influences on the estimation of time since death. 
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Glossary 

Alpha spectrometry – An analytical technique for determining the radioactivity of 

individual radionuclides by separating alpha particles according to their unique 

energies and measuring the number detected in an established time. 

Adipocere – Fatty, waxlike substance that forms on postmortem tissues in response 

to moisture. 

Anthropological material – Bones from individuals less than 75 years dead. 

Archaeological era – Bones from individuals more than 75 years dead. 

Biological half-life – The time required for the amount of a particular substance in a 

biological system to be reduced to one half of its value by biological processes when 

the rate is exponential. 

Canaliculi – Channels that run through the calcified matrix between lacunae 

containing osteocytes.  

Cancellous bone – The loose, open, lattice of bony material within the centre of 

many bones. 

Compact bone – Portion of bone that consists largely of concentric lamellar osteons 

and interstitial lamellae. 

Diagenesis – Natural processes that alter the proportions of the organic and 

inorganic components of bone exposed to the environment. 

Diaphysis – Elongated shaft of a long bone. 

Endosteum – The layer of vascular connective tissue lining the medullary cavities of 

bone. 

Epiphysis – A secondary centre of ossification (bone formation) usually located at 

the ends of long bones, separated from the primary centre (diaphysis, the shaft) by 

cartilage growth plates that fuse when bone elongation is completed. 

Gamma spectrometry – Radiochemistry measurement method that determines the 

energy and count rate of gamma rays emitted by radioactive substances. 

Inductively coupled plasma mass spectrometry (ICP-MS) – A method of determining 

the concentrations of 70+ elements simultaneously by measuring the mass of ions 

generated by an argon gas plasma heated to 10,000°K and passing through a 

magnetic quadrupole to a detector. 

Isotope – Different atomic forms of the same element varying only in the number of 

neutrons they contain. 

Lacunae – Tiny cavities within the matrix of the bone that contain osteocytes. 
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Osteoblasts – Cells that arise from fibroblasts and which, as they mature, are 

associated with the production of bone. 

Osteoclasts – A large multinuclear cell associated with the absorption and removal 

of bone. 

Osteocytes – Mature bone cells. that may (1) stabilise bone mineral (2) detect 

micro-fractures, and (3) respond to the amount and distribution of strain within 

bone tissue that influence adaptive modelling and remodelling behaviour through 

cell to cell interaction. 

Periosteum – Double-layered connective tissue covering and nourishing bone. 

Physical half-life – The time required for half the atoms of a radionuclide to undergo 

disintegration.  

Radioisotope – A radioactive isotope, also known as a radionuclide. 

Time since death (TSD) – The period between death and analysis of the remains. 

Trabeculae – Struts or thin plates of bone found in cancellous bone. 
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1 Introduction 

The aim of this project is to investigate the potential of a new method for estimating 

time since death of skeletal remains using the relative amounts of specific 

radionuclides and trace elements present within them. 

1.1 Skeletal remains exposed 

Postmortem interval (PMI) or time since death (TSD) is the period between death 

and the discovery of remains.  The term “postmortem interval” is more commonly 

associated with a body that is hours to days old, whereas TSD refers to a body that 

is days to years old.1  When human skeletal remains are uncovered within the 

forensic context, there are three key questions that need to be addressed; 1) who 

was the victim, 2) what caused the victim‟s death, 3) and how long the victim has 

been deceased.  Answering the last question may lead to an answer to the first. 

Criminal investigations are only conducted if skeletal remains are classified as 

anthropological (<75 years since death).2  If they are older than this, they are 

classified as archaeological and are not of traditional forensic interest.3  

Establishing TSD in the forensic context can aid investigators in retracing the last 

steps of the victim and can assist in the identification of the remains.  Time since 

death can be used to incriminate a person by placing them in the vicinity of the 

victim at the time of death, or eliminate them as a suspect.4   

1.2 Estimating time since death 

Different forensic disciplines have a number of ways to estimate PMI/TSD, which 

are summarised in Table 1.1.  Forensic pathologists can usually give a relatively 

accurate PMI estimate by using the pathological and chemical changes that occur 

in a fresh or decomposing body.  A forensic entomologist uses the life cycles of 

various fly species and carrion insects to estimate PMI while a forensic 

anthropologist uses a number of different techniques applied to skeletal remains to 

estimate TSD.   
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Table 1.1: Relationship between taphonomy and determination of PMI/TSD 

Time interval Observational phenomena Methodology 

Minutes – hours Enzymatic changes 

Cellular changes 

Biochemistry 

Cell biology 

Hours – one day “Classic triad” algor/livor/rigor mortis Forensic pathology 

One day – one week Gross post-mortem decomposition Forensic pathology 

Ecology 

Taphonomy 

Weeks – months Disarticulation/ skeletonisation  Anthropology 

Taphonomy 

Archaeology 

Months – years Weathering/ burial pedoturbation Taphonomy 

Archaeology 

Palaeoecology 

Years – eons Fossilisation/ diagenesis/ trace element  Archaeology 

Palaeoecology 

Mineralogy 

Source: Sledzik (1998) 

 

1.2.1 Early stages: forensic pathology 

After death, the body undergoes a number of processes in defined stages known as 

algor mortis, rigor mortis, livor mortis, and decomposition.5  There are three „wet‟ 

stages of decomposition; fresh, bloat (autolysis) and active decay (putrefaction).6  

Once the body has progressed through the stages of „wet‟ decomposition, it 

undergoes „dry‟ decomposition.  The average time of each of the decompositional 

stages in a western United States environment is detailed in Table 1.2.  Weather 

and storage conditions can dramatically increase or decrease the rate of 

decompositional processes and need to be taken into consideration when 

estimating PMI. 

Table 1.2: Stages of decomposition by time western United States 

 Average time Minimum/ maximum time 

Open air 

Fresh 0 – 2 days 0 – 6 days 

Bloat 2 – 5 days 2 – 8 days 

Post-bloat 5 – 8 days 5 days – 2 months 

Partial mummification 10 days – 1 month 9 days – 1 month 

Desiccation 2 – 5 months 2 months – 18 months  

Skeletonisation 5 – 18 months  2 months – 2 years 

Bleaching/exfoliation 18 months – 3 years 6 months – 3 years 

 

Closed structure 

Fresh 0 – 3 days 0 – 5 days 

Bloat 3 – 8 days 3 – 10 days 

Post-bloat 8 – 11 days 8 – 11 days 

Mummification 1 months – 4 months 11 days – 4 months 

Skeletonisation 4 months – 3 years 14 days – 3 years 

Source: Galloway et al. (1989) 
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1.2.2 Early stages: forensic entomology 

Forensic entomologists use the life cycles of various carrion insects to estimate 

PMI.  The carrion community is comprised of the necrophagous species (species 

that eat the flesh of the corpse); predators and parasites of necrophagous species 

(species that eat the necrophagous species); omnivorous species (species that feed 

on both the corpse and the predators); and adventive species (species that are 

present but have no interest in the body).7  Each species is attracted to the body in 

waves of succession (at different stages of decomposition), so PMI can be 

ascertained by determining the developmental stage of the insect.  As the body 

commences fresh decomposition, certain fly species are attracted to the 

decompositional gases (putrescine and cadaverine) and lay eggs or larvae on the 

corpse.7-9   

For example, in the south-west region of Western Australia, the fly species 

Calliphora dubia (blue-bodied blowfly) and Lucilia sericata (green blowfly) are known 

as primary (first strike) species, meaning they are the first to be attracted to the 

body and lay eggs or live maggots within four hours of death.10  Other fly species, 

such as Chrysomya rufifacies (hairy maggot blowfly) which is classified as a 

secondary species, lay eggs approximately four days after death, whilst Hydrotaea 

rostrata (black carrion fly), a tertiary species, lays eggs approximately eleven days 

after death.10 

Forensic entomologists collect and measure samples of fly larvae from a cadaver 

and adult flies from around a cadaver, to determine stages of development, from 

which they can estimate PMI to within four hours.10  Extreme weather conditions 

can alter the development of insect larvae.  During hot, humid weather, insect 

activity can be sufficient to completely skeletonise a body within seven days.11  

Once insect activity has ceased around the corpse, it becomes increasingly difficult 

for the forensic entomologist to give an accurate PMI estimate.12   

1.2.3 Later stages: forensic anthropology 

Reichs13 (p. 13) describes forensic anthropology as “a subdiscipline of physical 

anthropology that applies the techniques of osteology and biomechanics to 

medicolegal problems”.  This specialised sub-field of anthropology is often used in 

crime scene investigation to identify deceased individuals and establish cause and 
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manner of death.2  A forensic anthropologist must determine whether bones are of 

animal or human origin; from an anthropological (<75 years) or archaeological era 

(>75 years)3,14; and the biological characteristic of the individual in terms of age, 

sex, ethnicity and stature.   

To date, accurate and reliable methods for determining TSD of anthropological 

skeletal remains have eluded forensic anthropologists.  Current methods rely 

predominately on the skill and experience of the anthropologist and in many 

instances, the determination of TSD is no more than an approximation.  Although 

archaeologists have reliable tools for dating bones from antiquity, these techniques, 

such as radiocarbon dating, cannot be accurately applied to anthropological 

samples.15-17  Accordingly, it has become vital for forensic anthropologists to 

establish new techniques capable of determining TSD for skeletal remains, which 

are of forensic interest.   

1.3 Skeletal material in the forensic context 

1.3.1 Skeletonisation 

The ultimate result of active decay is skeletonisation, the point at which all soft 

tissue has been stripped from the bones through decomposition, insect or carnivore 

activity.  Table 1.3  gives a description of the condition of the body as it progresses 

through the stages of decomposition to skeletonisation.  The many factors, which 

affect the rate at which the body will skeletonise, are detailed in section 1.4. 

Table 1.3: Sequence of changes leading to skeletonisation 

 Conditions of the body 

Soft tissue decomposition 

1 Fresh body: no or minimal traces of decomposition, minimal odour 

2 Marbled: greenish hue, marked by prominent vein discolouration, skin slippage 

3 Bloated: distension of body parts by gas, splitting of skin, insect infestation 

4 Major insect activity: brownish to blackish discolouration, sagging of structures, 

foul smelling exudate, both superficial and deep 

  

Exposure of bone 

5 Some bone exposure: bones of skull, ribs, and other areas close to surface may 

be seen 

6 Major bone exposure: portions of pelvis, long bones visible 

7 Mostly bone: most of skeleton exposed, sizable masses of soft tissue remain 

around pelvis, legs 

8 Slippery bone: areas of long exposure appear dried, remainder of skeleton 

covered with periosteum and pieces of soft tissue 
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Table 1.3 cont. 
Only connective tissue remains 

9 Beginning disarticulation: smaller bones disarticulated 

10 Major disarticulation:  tissue tags holding only vertebrae column and major points 

in position, bone mostly clean 

  

Bone only 

11 Complete disarticulation: clean bones, grease remains in bones, though smaller 

bones will be at least partially degreased 

12 Degreased bone: bone fully degreased 

13 Bleached bone: though bleaching has already commenced, all bones are 

degreased and whitened, without noticeable surface deterioration 

14 Checking and cracking: the outer surfaces have become roughened, locally 

elevated and chipped without longitudinal cracks in long bones and small hairline 

cracks are evident 

15 Major bone loss: blades of scapulae, medial orbital bones, innominate blades 

and other areas of thin bone cracked and missing 

Source: Rhine & Dawson (1998)   

 

Once the body has become skeletonised, it will undergo further changes.  

Behrensmeyer18 (p. 150) characterises bone weathering as the “process by which 

original microscopic organic components of bone are separated from each other 

and destroyed by physical and chemical agents” (Table 1.4).  There are three 

factors that control the rate of weathering;19 the density and porosity of the bone 

(small, compact bone weather more slowly); bones of different taxa weather at 

different rates and less equably, and the immediate environment (in terms of 

temperature and moisture fluctuation).  Bones that are buried do not necessarily 

stop weathering, the rate just slows down. 

Table 1.4: Definitions of weathering stages and their relationship to years since death of known age 

carcasses 

Stage Years since 

death 

 Definition of weathering stage 

0 0-1 No cracking or flaking; greasy; soft tissue present 

1 0-3 or 4 Cracking parallel to fibre structure (longitudinal) in long bones 

2 2-6 or 7 Flaking of outer surface, usually associated with cracks; flakes 

are long and thin with one edge attached to bone; crack edge 

angular; exfoliation started 

3 4-15+ Bone surface rough, fibrous texture; weathering only 1.0 to 

1.5mm deep; crack edges rounded 

4 6-15+ Bone surface coarse, rough, and fibrous; large and small 

splinters loosely attached; weathering penetrates to inner 

cavities; cracks open 

5 6-15+ Bone mechanically falling apart into pieces, very fragile 

Source: Behrensmeyer (1978)  
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1.4 Factors affecting the rate of decomposition and 

skeletonisation 

Some of the many climatological, meteorological, geological, biological and cultural 

factors influencing decomposition are set out in Table 1.5.6,20  Krogman & Iscan21 

found that buried bodies and remains in a closed structure decay more slowly than 

those exposed on the surface, due to limited carrion insect activity.  Soil conditions 

can also influence how quickly a body decomposes.  In hot, humid weather 

conditions, complete skeletonisation can occur in two to four weeks as a majority of 

the soft tissue destruction is caused by carrion insects, particularly fly larvae, that 

thrive in warm humid conditions.11  In hot, dry conditions there is a dramatic 

increase in the rate of decay in the early stages of decomposition; desiccation and 

mummification can be seen within two weeks and complete skeletonisation may 

take only up to one year.1,20   

Conversely, cold weather retards decomposition and it is not uncommon for the 

colour of the skin to change (e.g. to orange or black) as moisture is lost from the 

body.20  Bodies submerged in fresh water may be skeletonised in two years; and 

bodies exposed on the surface in a temperate climate will generally be skeletonised 

in as little as three to five years.1,20,22  In dry soils, complete skeletonisation can 

take from six to seven years, increasing to 15 – 20 years in moist soils.  The bones 

themselves may be destroyed in as little as 25 – 100 years in acidic soils. 

Table 1.5: Variables affecting decay rate of the human body 

Time interval Effect on decay rate 

Temperature 5 

Access by insects 5 

Burial and depth 5 

Carnivores/rodents 4 

Trauma  4 

Humidity/aridity 4 

Rainfall 3 

Body size and weight 3 

Embalming 3 

Clothing 2 

Surface body placed on 1 

Soil pH Unknown 

Key  1 = least influence 5 = most influence 

Source: Sledzik (1998) 
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1.4.1 Breakdown of skeletal material (changes to bone) 

The destruction of skeletal material is dependent on a number of factors including 

soil compaction, carnivore damage, trampling and transport, leaching of mineral 

components, water transport, alternating moisture/dryness phases, and exposure 

to sunlight.23  Skeletal elements are altered by these factors depending on intrinsic 

qualities of their composition including size, mass, shape, structure and density.24  

There are a number of chemical and biological changes that take place as skeletal 

material breaks down.  Bone has a porous structure easily invaded by 

microorganisms.25  Microbial destruction takes place during early stages of bone 

decomposition when there is a lot of an organic material available.26  Microbial 

action leads to a breakdown of the protein-mineral bond thus degrading the protein. 

Structure.26  The protein collagen, is made up of three polypeptide chains that 

contain seventeen amino acids.27  Post-mortem enzymatic degradation and the 

hydrolysis of collagen which exacerbates the loss of protein from bone, is usually 

accelerated by  elevated temperatures.28  As bone degrades further, and the 

quantity of collagen decreases, there is an overall increase in porosity which allows 

for exchange of extraneous ions with the surrounding soil.29,30  In particular calcium 

and potassium are leached from the bone and replaced by elements such as 

barium, lead and uranium.23,30,31  The rate at which leaching of elements out of the 

bone occurs depends entirely upon the structure and chemistry of the bone.  As 

bone collagen decays both carbon and nitrogen content also decline at an 

exponential rate.32,33 

1.5 Relationship between bone form/composition 

and postmortem changes 

1.5.1 Bone composition 

Chemically, bone matter has two components; it is composed of one third organic 

and two thirds inorganic compounds.34  The organic component includes the cells of 

bone - osteoblasts, osteocytes, osteoclasts and the osteoid matrix, comprised 

predominately of proteoglycans, glycoproteins and collagen fibres.35  The inorganic 

(mineral) component of bone is primarily hydroxyapatite, which is primarily 

hydroxycalcium phosphate [3Ca3(PO4)2.Ca(OH)2], in a relatively reactive 

microcrystalline form.34,36  Human bone varies in its mineral content from 

approximately 35% – 65% according to age, sex and the health of an 
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individual.36,37  The hydroxyapatite, which is preserved in bone long after the body 

has decomposed, makes an excellent medium for TSD determination. 

Numerous techniques have been utilised in an attempt to ascertain TSD from the 

organic and inorganic components of bone. The techniques include staining with 

Nile Blue, indophenol and benzidine; reaction with acid; determination of the 

nitrogen and amino acid content of proteins; ultra-violet fluorescence; supersonic 

conductivity; radioactive carbon and strontium dating; and radioisotope analysis.1,38  

For example, with the technique of Nile Blue staining, the darker the appearance of 

the stain the shorter the TSD; with ultra-violet fluorescence the brighter the 

fluorescence, the shorter the TSD.39 

Bones are classified into four groups based on their shape; long (e.g. femur), short 

(e.g. carpals of wrist), flat (e.g. skull) and irregular (e.g. vertebrae).35  Typically, long 

bones have a diaphysis (shaft) and two epiphyses (bone ends).  The diaphysis 

consists of a thick collar of compact bone surrounding the medullary cavity, which 

holds the yellow bone marrow (fat) in adults.  The exterior of the epiphyses is also 

comprised of compact bone and the interior primarily cancellous (spongy) bone 

(Figure 1.1).  Short, flat and irregular bones consist of thin plates of periosteum-

covered compact bone on the outside and endosteum-covered cancellous bone 

within.37 

 

Figure 1.1: The structure of a long bone 

Source: Shier, Butler & Lewis (2002) 

 

To the naked eye, compact bone appears very dense; microscopically however, it is 

a labyrinth of canals which serve as avenues for nerves, blood vessels and 

lymphatic vessels.40  An osteon or a Haversian system is the structural unit of 
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compact bone.  Each osteon is a hollow elongated tube of parallel lamellae of bone 

matrix oriented parallel to the long axis of the bone (Figure 1.2).  Osteocytes, the 

cells that produce the lamellae, occupy lacunae at the junction of lamellae.  

Canaliculi connect the lacunae to each other and to the Haversian canal at the 

centre of the osteon.  In contrast, cancellous bone is made up of trabeculae, and 

looks like a honeycomb of small needles with red or yellow bone marrow filling the 

spaces in between.35  The trabeculae contain irregularly arranged lamellae and 

osteocytes interconnected by canaliculi but not the parallel layers of bone and 

central blood vessels of osteons.40 

 

Figure 1.2: Microscopic structure of compact bone  

Source: Shier, Butler & Lewis (2002) 

 

1.5.2 Diagenesis 

After death or even later, bone continues to be reactive in response to extrinsic 

(immediate environment) and intrinsic (chemical structure and reactivity of the 

tissue) factors.34  Diagenesis is the natural outcome of processes that alter the 

nature and the proportions of the organic and inorganic components of bone 

exposed to the environment,  through the exchange of natural bone constituents, by 

deposition in voids or defects, adsorption onto the bone surface and leaching from 

the bone.6,32  Adolescent and juvenile bones tend to degrade more rapidly than 

adult bones as they are not as highly mineralised.36,41  Diagenesis has the potential 

for exchanging substances between bone material and the environment.  This can 

be accelerated by the degree of bone porosity and total surface area for exchange 

with surrounding soil. 

1.5.3 Trace elements 

Trace elements are ubiquitous in nature and occur through weathering of rocks, 

where they are mobilised into surficial water and transported into the soil and rivers 
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and eventually the seas.  Trace elements in rainwater are largely the result of 

solubilisation of incorporated atmospheric particles and wind blown debris.  They 

reach the earth‟s surface in various forms of precipitation.  The elements move 

through the soil under the influence of groundwater and are taken from the soil by 

plants.  The uptake of trace elements by humans is through the ingestion of this 

plant material or through ingestion of animal species that have assimilated trace 

elements by ingestion of plant material.  The trace element profile of bones is 

derived largely from the food that is eaten by the individual.  During life, trace 

elements may also be absorbed through the skin, although the amount of uptake 

through this medium is extremely low. 

Trace elemental content of specific body parts can be used to identify specific times 

of uptake both in the long and short term.42  For example in compact bone, there is 

often little or no turnover of trace elements and therefore the trace elemental 

profile reflects uptake throughout life while incorporation of elements into a single 

nail can be used to reflect a time dependent uptake of over one year.43  Trace 

elemental distribution along the length of an individual hair reflects uptake over 

much shorter periods as hair grows at approximately one centimetre a month.44 

After death, trace elements are absorbed into bone through a number of processes, 

including diagenesis. The greater the time bones are interred in soil, the more the 

trace element profile will come to resemble that of the soil, especially near surfaces 

where exchange occurs more rapidly.  The profiles of trace elements may vary from 

bone to bone due to the total surface area of the bone and characteristics of soil, 

such as pH and organic content.45 
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2 Methods of determining time since 

death from skeletal remains 

2.1 Approaches for testing time since death 

Both qualitative and quantitative features of bone structure and decomposition can 

be used to estimate time since death (TSD).  Qualitative methods include the use of 

ultra-violet fluorescence, histological examination, chemical staining and 

immunological reaction with anti-human serum to gauge the degree of loss of the 

organic components of bone maintained by life processes.   

Depending upon the degree of degradation of the bone protein, freshly cut cross-

sections of bone fluorescence in different ways when exposed to UV wavelength 

light.46,47  From the bluish-white fluorescence which extends from the marrow-

cavity, to periosteal surface of recently dead, bone passes through an intermediate 

stage where fluorescence is restricted to a zone between two non-reactive margins, 

to a complete absence of fluorescence when all protein has degraded.  Ultra-violet 

fluorescence may have a limited use on its own, but can serve as an initial or 

confirmatory indicator in conjunction with other tests.  

The progressive loss of collagen and other proteins from skeletal remains with 

increasing age results in changes in affinity for several of the dyes commonly used 

to stain bone.  With increasing TSD there is a loss of affinity for indophenol which 

binds to yellow bone marrow, combined with a heightened susceptibility for staining 

with Nile blue, which attaches to keratin fibres, phospholipids, lipofuschins and fatty 

acids.39  These staining changes have a potential for use in the quantification of 

TSD but the required research necessary to achieve this level of differentiation has 

not been undertaken. 

Immunological testing assesses the degree of loss from bone of the proteins, 

polysaccharides and glycolipids which confer antigenic status during life.  The 

process involves using bone powder diluted with weak alkali left at room 

temperature overnight then concentrated and exposed to anti-human rabbit 

serum.46,47  However, this method also does not provide quantitative data with 

respect to TSD. 
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Qualitative methods are generally not favoured in modern forensic practice, as they 

are more liable to subjective bias, more dependent upon the experience of 

„experts‟, and harder to justify under new standards applying to expert evidence 

(Daubert Challenge).48   

There is a category of methodology, semi-quantitative, that falls between qualitative 

and quantitative. Such methods include tests such as lipid estimation; carbonate 

testing and determination of amino acid content.  Depending on the type of 

environment in which bone is located during decomposition, its fat may be 

converted into adipocere, black-brown remnants, or  disappear altogether as TSD 

increases.18,39  Visual estimates of the colour, density and thickness of fat in the 

form of adipocere relics, medullary cavity fat content, and fat impregnation of 

cancellous bone are used to estimate TSD.   

The results of carbonate testing depend upon the gradual transfer of carbonate ions 

(CO3
2-) to bone from its surroundings after death.  Bones with a short TSD are 

unreactive or give a weak effervescence reaction to hydrochloric acid dripped slowly 

onto them, while bones with a greater TSD demonstrate stronger effervescence, 

having accumulated a higher concentration of carbonate and bicarbonate ions, 

which are found in groundwater. 25  Different rates of exchange with groundwater 

and surrounding soils will obviously affect the intensity of the reaction, thus limiting 

the potential of this technique for quantification.  

The residual amino acid content of bone can be assessed by dissolving bone 

powder with hydrochloric acid and placing a drop of the resultant solution on 

chromatography paper dipped in a bath of chloroform/methanol/ammonia. As the 

solvent runs up the paper it carries any remaining amino acids varying distances 

according to their size and hydrophilic charge.46,49  This technique has potential for 

quantitative development. 

Quantitative methods, which may be applied to the estimation of TSD, are all based 

upon numerical data and considered less prone to bias.  Quantitative approaches to 

estimating TSD depend on the changing chemical, biochemical, isotopic and 

physical properties of bone after death.  They differ from the qualitative approaches 

in that, yielding definitive numeric data; they have the potential to be accurate and 

therefore verifiable.  For example, as bone degrades and the amount of collagen 

present decreases, so too does the amount of nitrogen.50  The nitrogen content of 
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bone can be measured using a mass spectrometer to assess the amounts released 

when the bone is incinerated.45  The most effective approaches to estimation of 

TSD combine a range of qualitative and quantitative tests. 

2.2 Significant early multivariate studies of time 

since death 

The first wide scale attempt to estimate TSD from human skeletal remains in a 

forensic context was conducted by Berg39 in 1963.  Berg tested the relationship 

between TSD and bone composition in a large-scale study which included carbonate 

testing, UV fluorescence, affinity for Indophenol and Nile Blue, supersonic 

conductivity, histological examination, immunological reaction with anti-human 

serum and estimation of nitrogen and lipid contents.  Between 1967 and 1969 

Knight et al.27,46,49,51 replicated the majority of the techniques used by Berg39 and, 

in addition tested sample sizes large enough (68 bone samples) for detection of 

significant patterns and correlations of amino acid content and benzidine reaction.   

In addition to the aforementioned standard battery of tests outlined above, in 1977 

Facchini & Pettener38 investigated changes in the specific gravity and supersonic 

conductivity in 71 bone samples of known TSD.  In 1984, Castellano et al.52 applied 

multivariate statistical techniques to the analysis of ten series of human bones from 

the anthropological (forensic) era.  Each was divided into a portion which was 

dissolved in acid prior to the measurement of zinc and iron using atomic absorption; 

a portion of which was used to measure triglycerides, cholesterol and free fatty 

acids by Soxhlet extraction of total lipids from bone dust; and a portion from which 

insulin proteins were extracted using the Lowry process.   

2.3 Outcomes of early multivariate studies 

2.3.1 Ultra-violet fluorescence 

While confirming the general observation that the UV fluorescence of bone is lost 

gradually from exposed surfaces inward with TSD,38,39,46   Berg39 found that very old 

skeletal material (>100 years) can show intense fluorescence, but of a pure white 

or grey-white hue, in contrast to the blue-violet illumination seen in younger bones.  

In response to the observation of the encroaching marginal zone of grey-brown 

tinged non-fluorescence in older bone, Knight & Lauder46 recommended the use of 

larger, thicker bones such as the humerus or femur to estimate TSD by this method, 
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as smaller bones are liable to faster total loss of collagen and other bone proteins 

46  

Yoshino et al.53 demonstrated that bone fluorescence could decrease by as much 

as 20% of that of fresh bone within fifteen years of death, the particular rate of loss 

differed for bones that are exposed on the surface compared with those that are 

buried.   

2.3.2 Histological structure 

Micro-morphological (histological) examination under polarised light shows that the 

internal structure of bone over the anthropological time span (75 years) remains 

essentially intact,  but in older samples of bone there is progressive deterioration of 

the osteon with an additional loss in the ability to differentiate easily between bone 

components.  On its own, Berg39 found histological examination insufficient to 

indicate TSD in terms of an exact year or decade, but that it could indicate whether 

the sample was recent or archaeological in origin.   

2.3.3 Chemical staining 

Berg39 confirmed that skeletal remains with a postmortem interval between          

10 – 100 years had a good affinity for both Indophenol and Nile Blue, with a clear 

predominance of Nile blue staining in older specimens.  Knight’s49,51 studies 

confirmed these results (Table 2.1). 

Table 2.1: Results of Knight & Lauder studies of chemical reactivities of bone to various chemical 

media with TSD 

Age (years) Nile-blue Indophenol Effervescence 

0 Poor Poor Very slight 

0 Patchy Poor Absent 

2 Moderate Moderate Slight 

24 Moderate Centrally Very slight 

46 Good Poor Slight 

200 approx. Marginal Marginal Absent 

600 approx. Marginal  Patchy Slight 

700 approx. Heavy marginal Poor Brisk 

200 – 800 approx. Uniform, heavy Poor Slight 

200 – 800 approx. Moderate, uniform Poor Slight 

1700 approx. Marginally Poor Slight 

Source: Knight & Lauder (1969) 



 

- 15 - 

When testing the benzidine reaction, Facchini & Pettener38 found, as expected, that 

all modern bone samples aged less than 150 years gave strong positive reactions 

over the entire surface while the oldest bone samples (1700 – 450 B.C.) gave no 

reaction at all. 

2.3.4 Immunological reactivity 

Berg39 confirmed that a rapid and clearly positive reaction to anti-human serum is 

seen in bone up to approximately 20 years since death,  whereas a delayed and 

weak result is seen in bones approximately 20 to 50 years since death.39  Knight & 

Lauder46 were unable to demonstrate the systematic relationship between 

immunological reactivity and TSD reported by Berg39. From a meta-review of 

immunological studies of TSD, Pollard1 concluded that on the whole immunological 

activity in bone was very short lived (approximately 5 years  after death) but positive 

tests were occasionally seen up to 150 years.   

2.3.5 Lipid content 

Berg39 confirmed that the fat content of bone decreased with TSD and that the rate 

of conversion of marrow to adipocere varied depending on the resting place of the 

bone.  Complete filling of the medullary cavity with penetration of adipocere into the 

compact bone was seen at 10 years since death; complete filling of medullary cavity 

with adipocere was seen at 30 years while only small remnants of white adipocere 

were seen at approximately 50 years after death (Table 2.2).  Again, Knight & 

Lauder46 were unable to confirm the correlation between TSD and lipid content of 

bone reported by Berg.39 

Table 2.2: Results of time since death estimation tests conducted by Berg 

Duration of 

deposit (years) 

UV  

fluorescence 

Adipocere  

relics 

Medullar 

cavity 

contents 

Fat  

Impregnation 

0 – 10 + + + + 

10 – 20 + + + - 

20 – 30 + + + - 

30 – 50 + + - - 

50 – 100 + - - - 

100 – 500 (+) - - - 

500 – 1000 - - - - 

1000+ - - - - 

Source: Berg (1963) 
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2.3.6 Carbonate content 

While Berg39 and Knight49 could both confirm that dropping a few drops of 

hydrochloric acid onto bone produced effervescence with the dolomitic petrifaction 

of the bone, neither demonstrated a systematic relationship in the response to TSD 

(Table 2.1). Neither Berg39 or Knight49 analysed were effect of effervescence  on 

bone with calcite. 

2.3.7 Amino acid content 

Knight46,49 found bone samples that ranged between 70 – 100 years post-mortem 

could still contain up to seven amino acids and confirmed that proline and 

hydroxyproline were almost always present in samples within the first 50 years of 

death.47     

2.3.8 Nitrogen content 

Berg39 found that skeletal material up to 40 years after death contained greater 

than 4.0% by mass of nitrogen, while after a post-mortem interval of between 200 – 

500 years, the value fell to approximately 3.6% by mass.  Knight et al.46,49 

confirmed the progressive decrease in nitrogen content of bone with TSD, though 

the values they obtained were generally lower than those observed by Berg39.  They 

found a nitrogen content of more than 3.5% by mass in bone within the first 50 

years since death, while at 350 years levels fell to below 2.5% by mass.   

2.3.9 Supersonic conductivity and specific gravity 

Berg39 also demonstrated that while recent skeletal materials conduct sound with 

longitudinal velocities (VL) between 2000-3000 metres per second (ms-1), with 

advancing decomposition, the formation of air-filled microscopic cavities of decay 

reduced the efficiency of sound transmission and the VL value .   

While Facchini & Pettener38 confirmed Berg‟s39 finding that the distance travelled 

by supersonic waves through bones diminishes with TSD, the conductance values 

they obtained for their bronze age era (3500+ years) specimens were equivalent to 

those from bones aged between 50 and 100 years since death in Berg’s39 study.  

Facchini & Pettener38 also suggested that the difference could be the result of 

having more archaeological samples, as well as using slightly different techniques 

and apparatus.  In addition, their results indicated that bone with specific gravities 

around 1.9 g/cm3 were less than 350 years post-mortem whereas samples with VL 
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lower than 1.5 g/cm3 were generally older than 1000 years.38  In the face of such 

variation, they concluded that supersonic conductivity is only useful in conjunction 

with morphological and histological data. 

2.3.10 Multivariate analysis 

Castellano et al.’s52 multivariate statistical analysis accentuated the advantages of 

the simultaneous application of several different tests of TSD. Their results are 

shown in Table 2.3.  They found that the quantity of proteins which could be 

extracted from bone accounted for 74.3% of the variance in TSD in a simple 

stepwise regression.  Inclusion of triglycerides increased the proportion of the 

variance which could be accounted for to 82.3% and of cholesterol as well to 

85.6%.  It is interesting to note that when they kept the effect of proteins fixed, they 

saw a sharp drop in the significance of variations in the concentration of zinc, 

suggesting the associated loss of these two substances from bone with TSD. 

Table 2.3: Correlations between the date and selected other variables at each step of multiple 

regression. 

 
Date Protein fixed 

Protein and 

triglycerides fixed 

Protein, triglycerides 

and cholesterol fixed 

 Simple 

correlations 

with date 

F-to-

enter 

Partial 

correlations 

F-to-

enter 

Partial 

correlations 

F-to-

enter 

Partial 

correlations 

F-to-

enter 

Iron -0.0469 0.1 0.0987 0.37 0.0983 0.36 0.0381 0.1 

Zinc 0.6267 25.2 0.2297 2.12 0.2565 2.61 0.1468 0.8 

Phosphorus 0.0566 0.1 - 0.1102 0.47 0.1637 1.02 0.2551 2.5 

Magnesium 0.2169 1.9 0.2059 1.68 0.0624 0.15 0.2003 1.5 

Lipids - 0.6213 24.5 0.5055 13.04 0.2260 1.99 0.1305 0.6 

Cholesterol - 0.7766 59.3 0.0829 0.26 - 0.4342 8.60 - - 

Triglycerides - 0.5360 15.7 0.5558 16.99 - - - - 

Lipid acids 0.6450 27.8 0.0535 0.11 - 0.0359 0.05 - 0.1612 1.0 

Proteins - 0.8620 112.8 - - - - - - 

Source: Castellano (1984) 

 

2.3.11 Summary 

Each of the techniques reviewed offers some resolution to the issue of TSD of 

varying usefulness according to the circumstances of disposal of remains, the 

general scope of the PMI and the circumstances of the investigation.  There exists 

the potential for a combination in a progression of stages of refinement suited to 

circumstances from remote field locations to the most highly sophisticated of labs 

(shown in Figure 2.1), which is not generally realised. 
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Figure 2.1 Techniques that can be used in both the field and the laboratory to estimate TSD, and their respective estimated post-mortem intervals 
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2.4 Recent advances in techniques used to estimate 

TSD from skeletal material 

Recently the focus of forensic attempts to estimate TSD from bone has shifted to 

archaeological dating approaches, for example carbon-14, strontium-90, U-series 

and inductively coupled plasma mass spectrometry (ICP-MS).15,54,55 

2.4.1 Trace element analysis 

Trace elements profiles offer the potential for estimation of TSD, as well as 

determination of locale of residence, which remains largely unexploited.  Swift et 

al.56,57 were the first to look at the trace elements incorporated in bone, as a means 

of estimation of TSD.  The trace element concentrations from bone samples in 

relation to TSD from their studies is detailed in Table 2.4.56,57  

Table 2.4: Trace element concentrations measured in (µg/g) and (wt/%) for calcium 

TSD Caa Bab Ceb Lab Pbb Rbb Srb Znb Zrb Ndb Asc Ud 

15 42.23 8 7 2 23 3 53 158 20 7 0.08 0.072 

18 40.96 < DL 18 7 25 4 < DL 210 21 11 0.19 0.063 

20 42.55 < DL 11 3 25 4 14 165 21 9 0.30 0.062 

31 40.01 3 16 7 38 5 5 125 18 10 0.05 0.056 

32 40.56 14 6 2 37 5 < DL 202 21 6 0.03 0.023 

33 38.97 < DL 11 3 19 4 36 150 18 8 0.22 0.056 

39 40.40 4 10 3 20 5 30 175 21 8 0.25 0.042 

44 42.47 < DL 13 5 28 4 38 171 21 9 0.01 0.032 

49 38.34 < DL 15 6 68 3 63 120 16 10 0.22 0.017 

52 39.05 < DL 13 5 43 4 10 196 23 9 0.11 0.026 

55 39.93 2 10 5 70 4 13 164 21 7 0.03 0.007 

59 38.18 < DL 9 < DL 47 < DL 158 157 961 8 0.17 0.022 

63 38.97 < DL 10 3 43 4 1 150 23 8 0.13 0.025 

71 41.12 < DL 4 < DL 114 4 211 207 22 6 0.13 0.003 

77 40.01 < DL 14 5 71 3 85 202 21 10 0.16 0.006 

IAEA H9 0.230 NA NA NA 0.16 7.9 3.1 28.4 NA NA 0.90 NA 

IAEA H9 

reported 
0.231 NA NA NA 0.16 8.0 3.0 27.5 NA NA 0.88 NA 

a analysed using flame atomic absorption spectroscopy ; b analysed using  x-ray fluorescence;  c analysed using 

graphite furnace atomic absorption spectroscopy; d analysed using high-resolution alpha spectrometry; < DL = 

below detection limit, NA = not present 

Source: Swift et al. (2001) 

 

2.4.2 Radio isotopic determination of time since death  

Radiocarbon-14 dating is well established as a method for determining the age of 

archaeological skeletal remains, and is now proving successful in determining the 

age at TSD of more recent skeletal remains.16,17,58  In 1989 Taylor et al.15 (p. 1197) 

described radiocarbon (14C) dating as “the best known and most widely used 

physical dating technique to assign age to organic materials”.  Carbon-14 dating is 

based on the phenomenon of radioactive decay, which proceeds independently of 
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all environmental factors.  Carbon-14 is the result of nuclear interactions between 

nitrogen and secondary cosmic neutrons.27  It also decays constantly, after death as 

well as in life, with a half-life of approximately 5,730 years.59,60  The 14C content of 

any biological sample depends upon the period over which it was accumulated (age 

at death) and the period over which it has decayed (age at death plus TSD). 

One small complication is that environmental uptake of 14C may vary.  Two distinct 

eras in 14C availability have been documented over the last century.  Between 1910 

and 1950, there was a three percent decline in the concentration of 14C due to the 

combustion of fossil fuels.  Fossil fuels contain no detectable levels of 14C, 

therefore, combustion of these fuels add no 14C to the environment, thus diluting 

14C concentrations.15  The second period began in 1950 with the commencement 

of nuclear testing, the concentration of 14C increased dramatically, (Figure 2.2) as 

the result of tremendous amounts of artificial 14C produced from nuclear and 

thermonuclear weapons testing, to a point where it was 85% above the modern 

reference level by 1963.15  In the northern hemisphere the 14C concentration 

reached a level nearly double the pre nuclear testing level.27  After nuclear testing 

ceased the concentration began to decrease back to pre-1950 levels due to the 

exchange of atmospheric CO2.15,58   

 
Figure 2.2: 14C calibration curve 

Source: Wild et al. (2000) 

 

As the intake of carbon varies due to dietary differences, slightly different 14C/12C 

ratios may be observed in the bones of individuals.  These varying ratios lead to a 

lag time of one year between actual time since death and radiocarbon-derived time 

since death.  Such a lag time is deemed acceptable in the context of forensic 

studies.58  A further lag time of one to two years, which allows for the dietary uptake 
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of 14C from the environment after bomb testing, must also be taken into account.  

The results of consideration of the lag and analysis of tissues including hair, bone 

collagen, lipids from bone and bone marrow by Wild et al.17,58 (Table 2.5) illustrates 

these issues.  For each sample tested, two distinct estimates of TSD were 

calculated by Wild et al.17,58 as a result of considering the bomb peak for the 14C 

calibration, the lower timeframe is dismissed.   

Table 2.5: Results of 14C testing from Wild et al. studies (± indicates standard deviation) 

Age Sample 
14C content 

(pMC) 
Year of death Calibrated age 

New 

Born 

 

Long bone, collagen 

 

Hair 

  1957 – 1958 

112.17 ± 0.88 1994 1991 – 1997 

  1957 – 1958 

112.89 ± 0.63 1994 1991 – 1995 

30 

year 

old 

 

Long bone, collagen 

 

Long bone, lipid fraction 

  1962 

141.12 ± 1.20 1995 1973 – 1975 

  1957 – 1958 

113.73 ± 0.55 1995 1990 – 1994 

46 

year 

old 

 

Long bone, lipid fraction 

 

Lipids from bone marrow 

 

Hair 

  1957 – 1958 

113.98 ± 1.32 1997 1989 – 1996 

  1957 – 1958 

113.85 ± 0.86 1997 1990 – 1995 

  1957 – 1958 

113.92 ± 0.77 1997 1990 – 1994 

73 

year 

old 

 

Long bone, lipid fraction 

 

Lipids from bone marrow 

 

Hair 

  1957 – 1958 

114.53 ± 0.77 1997 1989 – 1993 

  1957 – 1958 

113.30 ± 0.75 1997 1990 – 1995 

  1957 – 1958 

112.49 ± 0.84 1997 1991 – 1996 

85 

year 

old 

 

Long bone, collagen 

 

Hair 

 

Long bone, lipid fraction 

  1958 – 1959 

118.22 ± 0.74 1988 1985 – 1989 

  1958 – 1961 

120.61 ± 0.68 1988 1983 – 1986 

  1958 – 1959 

119.51 ± 0.47 1988 1984 – 1987 

85 

year 

old 

 

Long bone, collagen 

 

Rib, collagen 

 

Hair 

 

Long bone, lipid fraction 

  1957 – 1958 

112.31 ± 0.89 1989 1991 – 1997 

  1959 – 1961 

123.68 ± 0.84 1989 1981 – 1984 

  1958 – 1961 

120.51 ± 0.72 1989 1983 – 1986 

  1958 – 1959 

118.42 ± 0.57 1989 1985 – 1988 

 Bold denotes most likely match  

Source: Wild et al. (1998 & 2000) 
 

Overall, the results from these studies indicate that 14C dating could be used to 

estimate TSD for anthropological skeletal material, but preferably from biological 

materials that have a rapid turnover, such as lipids from bone, bone marrow or hair.  
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Having a relatively long turnover period  (~ 30 years), bone collagen alone could not 

give accurate results.58  Carbon-14 analysis of bone collagen can underestimate by 

20 years real time since death.28 

2.4.3 Strontium-90 dating  

As a result of the encouraging results obtained from 14C dating, researchers began 

to look for other radioactive elements that had a great affinity for the hydroxyapatite 

matrix of the bone and a suitable half-life for application to the anthropological era.  

Radioactive strontium has a biological half-life (the time required for the amount of 

a particular substance in a biological system to be reduced to one half of its value 

by biological processes when the rate is exponential) between 7.5 and 18 years and 

a physical half-life (the time required for half the atoms of a radionuclide to undergo 

disintegration) of 28 years, which is in the right range for estimates of TSD.59  

Strontium is an alkaline earth metal  (group IIa metal) like calcium and barium, and 

behaves similarly to calcium within the body.60  Adults absorb between 40 – 80% of 

ingested calcium, and 20 – 40% of ingested strontium.  Like calcium, strontium is 

stored in the hydroxyapatite matrix of the bone.61 

 

Radioactive strontium (90Sr) is a synthetic radionuclide (radioactive isotope), which 

was released into the atmosphere along with many other nuclides, including tritium 

(3H) and caesium-137 (137Cs) during the atomic and nuclear testing of the 1950s.4  

Strontium rose continuously, but especially so during the first two years following 

the availability of large atomic bomb test series.  Depending on the size of the 

explosion, radioactive deposits from nuclear weapons can be dispersed into the 

troposphere, giving a relatively localised distribution of radioactive fallout, or into 

the stratosphere, giving a global distribution.62   

The northern hemisphere has a 90Sr burden three to five times higher than southern 

hemisphere levels due to atmospheric current dispersal.59  Between  1945 – 1980 

there were approximately 90 atomic bomb tests and a total of 417 atmospheric 

tests, including the first expanding series of approximately twenty explosions in 

1951.54  It was as a result of this first series of testing that measurable 90Sr activity 

was able to be detected in remains of individuals who had died after 1953.59   

Anthropological skeletal material clearly exhibits higher levels of 90Sr per kilogram 

of calcium than skeletal material from an archaeological period.  Bones from 

individuals born during and after the years of A-bomb testing, have the highest 

http://www.biology-online.org/dictionary/Time
http://www.biology-online.org/dictionary/Half
http://www.biology-online.org/dictionary/Atoms
http://www.biology-online.org/dictionary/Radionuclide
http://www.biology-online.org/dictionary/Undergo
http://www.biology-online.org/dictionary/Disintegration
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levels of all, having absorbed 90Sr throughout their lives.54,59  It is worth noting that 

the skeletal samples from the occipital bones used by Neis et al,59 which contain 

less hydroxyapatite to retain strontium, yielded higher values than those from the 

femurs used by MacLaughlin et al. (see Table 2.6).54  

Table 2.6: Results of 90Sr  measurement in human bones  

Sample Bq/kg Ca 

Samples from MacLaughlin et al.54  

Postmortem 1* 3.15 

Postmortem 2 * 2.11 

Postmortem 3 * 2.18 

Archaeological 1 * 0.70 

Archaeological 2 * 1.51 

Archaeological 3 * 1.30 

  

Samples from Neis et al.59  

Old 1 (1931/32) < DL 

Old 2 (1931/32) < DL 

Old 3 (1931/32) < DL 

Recent 1 (1989/94) 17.2 

Recent 2 (1989/94) 31.3 

Recent 3 (1989/94) 44.2 

Recent 4 (1989/94) 41.6 

Recent 5 (1989/94) 17.7 

Recent 6 (1989/94) 1.2 

< DL = below detection limit ; * exact date of death not given 

Source: MacLaughlin-Black et al. (1992) & Neis et al. (1999) 
 

These results suggest that estimation of 90Sr levels is a very simple and reliable 

method for determining whether an individual died before or after the 50th year of 

last century, providing biological age and bone of origin are taken into account.  As 

an alkaline earth metal 90Sr is relatively mobile, however, and as such is subject to 

post-mortem diagenetic effects such as leaching.61  Skeletal remains buried in soil 

with a high level of 90Sr may exhibit detectable levels irrespective of the date of 

death. Strontium-90 can only penetrate soil to a depth of one centimetre/year 

however and has never been found at levels in excess of 80 centimetres below the 

surface, unless burial itself creates surface intrusion at greater depths.59 

2.5 U-series testing 

2.5.1 Radium-226 decay chain 

Lead-210 (210Pb) and polonium-210 (210Po) are part of the radium-226 (226Ra) 

decay chain, originating from the uranium-238 decay series, which occurs naturally 

in most types of granite and also in some types of soil in varying degrees (Figure 

2.3).60,63-65 
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Figure 2.3: Radium-226 decay chain 

Source: National Institute of Standards and Technology Virtual Museum (2005) 

 

2.5.2 Lead-210 and polonium-210 

The latest focus for TSD estimation is measuring the concentration of the 

radioisotope 210Pb and its granddaughter isotope 210Po.  The presence of these 

radioisotopes in the environment is not the result of nuclear testing; their uptake 

remains constant throughout life and different historical periods.  They are naturally 

abundant in the environment; their biokinetics allow the radioisotope to be 

incorporated into bone; and they have half-lives which are of anthropological 

interest.66-69 

2.5.3 Biokinetics of lead-210 

Lead-210 enters the body through ingestion of food and the decay of ingested 

226Ra.56,57  Lead-210 has a similar mode of deposition to the alkaline earth metals, 

such as 90Sr and titanium, and can replace calcium in the hydroxyapatite matrix in 

bone.56  However, unlike the alkaline earth metals, 210Pb uptake into bone is slow.  

More than half of the lead that is absorbed is incorporated into the hydroxyapatite 

matrix, 10 – 15% within a few hours.70  Approximately 90% of all lead within the 

human body is contained in the skeleton.64   

2.5.4 Biokinetics of polonium-210 

Polonium-210 intake occurs through the decay of radionuclides from the radium 

decay chain (i.e. 226Ra, 222Rn), or direct ingestion of 210Po.  More than 95% of all 

210Po found in bone is the result of decay of 210Pb.71  Polonium is distributed 

throughout the body; 30% in the liver, 10% kidneys, 5% spleen, 10% red bone 

marrow and 45% in remaining soft tissue.65  The fractional absorption value (f1) of 

210Po from foodstuff into human tissues, including bone, is reported to be 

approximately 0.5.72 
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2.5.5 Dosage, half-lives and equilibrium of lead-210 and 

polonium-210 

During life, a person has had an average annual dietary dose equivalent of 

approximately 54 micro-sievert (µSv) intake of 210Pb and 210Po.65  While levels of 

these radionuclides are constant in the environment, smoking tobacco and 

ingestion of shellfish is known to alter the levels of 210Pb during life.73-75   

Because 210Pb has a half-life of approximately 22 years and 210Po only 138 days, 

after a certain period the distinct differences in their half-lives allow them to form a 

concentration ratio equilibrium.  Initial estimates by the International Commission 

on Radiological Protection placed the equilibrium between 210Pb and 210Po at 0.1, 

but this was later corrected to between 0.8 and 1.0,76 values which have been 

confirmed by other studies.56,77  The 210Pb/210Po equilibrium ratio remains stable 

throughout life but following death it distorts as the isotopes decay exponentially at 

their own particular rates, yielding a suitable marker (210Pb/210Po) for estimating 

TSD.4,56,57  Since 210Pb and 210Po decay at different rates, we expect there to be a 

progressive change in ratios after death. 

2.6 Radionuclide and trace element analysis 

To date, the only studies which have used the concentration of 210Pb and 210Po to 

estimate TSD have been conducted by Swift et al.56,57 who used alpha spectrometry 

and gamma spectrometry to measure radionuclide activity concentrations and x-ray 

fluorescence and atomic absorption spectrophotometry to analyse trace element 

concentrations of fifteen bone samples with post-mortem intervals ranging from    

15 – 77 years and, two known standards; IAEA 134 (Cockle flesh from the Irish Sea) 

and IAEA standard H-9 (mixed human diet).  They found that the concentration of 

lead as a trace element increased with increasing TSD.  For example, while recent 

samples had lead concentrations of 20 micrograms per gram (µg/g), those at the 

upper end of the anthropological time-frame (70 years) contained 115 µg/g.  

Samples with the lowest concentration of trace element lead had the lowest 210Pb 

levels and the highest 210Po levels (>3.5 Bq/kg) (Table 2.7). 

Table 2.7 shows the alpha emitting radionuclides tested by Swift et al.56,57  Columns 

four and five in Table 2.7 refer to unsupported 210Po, which is the component of 

210Po incorporated from the environment.  In naturally contaminated tissues 

“unsupported” 210Po values may be in large excess of the polonium “supported” by 
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the parent 210Pb.  The decay corrected values referred to in column five of Swift et 

al. 56,57 table refer to 210Po values after the subtraction of the “supported” 210Pb 

component. 

Table 2.7: Decay corrected 210Po (210Pb) values (± indicates standard deviation) 

 

Time since 

death (years) 

 

210Po  

(Bq/kg) 

226Ra 

(Bq/kg) 

Unsupported 
210Po (210Pb) 

(210Po – 226Ra)  

(Bq/kg) 

Unsupported 210Po 

(210Pb) decay 

corrected to time of 

death (Bq/kg) 

15 3.48 ± 0.08 0.92 ± 0.4 2.56 ± 0.29 4.11 ± 0.29 

18 2.78 ± 0.03 < DL 2.78 ± 0.03 4.91 ± 0.03 

20 3.86 ± 0.06 0.22 ± 0.1 3.64 ± 0.07 6.83 ± 0.07 

31 1.32 ± 0.02 0.74 ± 0.3 0.58 ± 0.08 1.54 ± 0.08 

32 1.54 ± 0.02 0.94 ± 0.4 0.60 ± 0.05 1.65 ± 0.05 

33 1.03 ± 0.02 0.83 ± 0.3 0.20 ± 0.06 0.57 ± 0.06 

39 0.96 ± 0.02 < DL 0.96 ± 0.02 3.27 ± 0.02 

44 0.88 ± 0.02 < DL 0.88 ± 0.02 3.53 ± 0.02 

49 0.21 ± 0.01 0.21 ± 0.1 0.001 ± 0.02 0 

52 0.33 ± 0.02 0.23 ± 0.1 0.10 ± 0.05 0.49 ± 0.05 

55 1.03 ± 0.01 0.53 ± 0.3 0.50 0.02 2.83 ± 0.02 

59 0.20 ± 0.01 < DL 0.20 ± 0.01 1.27 ± 0.01 

63 0.24 ± 0.01 < DL 0.24 ± 0.01 1.75 ± 0.01 

71 0.21 ± 0.01 0.21 ± 0.1 0.008 ± 0.02 0 

77 0.06 ± 0.01 < DL 0.06 ± 0.01 0.64 ± 0.01 

IAEA 134 7.3 ± 0.3 2.9 ± 0.1 - - 

IAEA 134 

reported 

7.5 ± 2.0 2.8 ± 0.5 - - 

< DL = below detection limit 

Source: Swift et al. (2001)  

 

2.7 Reliability and validity of lead-210 and 

polonium-210 

Disadvantages of the technique proposed by Swift et al. 56,57 include the expense of 

alpha and gamma spectrometry, individual variations in lead metabolism, the lack 

of information concerning the effect of diagenesis on the levels of 210Pb and the 

time taken for the analysis.56  A further concern with the study conducted by Swift 

et al.57 lay with the sample population, as the types of food eaten and the levels of 

tobacco smoked can alter baseline levels of 210Pb and 210Po in life.65   

In spite of these problems, it appears that 210Pb and 210Po are suitable 

radioisotopes to use to estimate TSD in a forensic context.  Their respective half-
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lives of 22 years and 138 days lie within the time-frame of anthropological interest 

(<75 years); they have a natural abundance in the environment; they have a 

biological function that incorporates them into bone; and once 210Pb is incorporated 

into the bone matrix it is very difficult for it to be lost to the environment.78,79 

This test has promise for estimating TSD but the application to Australian context 

needs to be established.  Radon contributes very little to the level of 210Pb within 

bone; therefore little variation is expected on this account within a single country.  

However there are regional differences in background levels of 210Pb and 210Po that 

would affect lifetime uptake through dietary difference as well as soil 

characteristics. 

2.8 Aims of the study 

This study aims to address the need for an accurate method of determining TSD in 

recently (<75 years) deceased human skeletal remains by investigating the use of a 

new radionuclide-based techniques developed in the United Kingdom by Swift et 

al.56,57  The study aims: 

To determine the feasibility of the two possible approaches to TSD proposed by 

Swift et al.56,57 in a different environment to that in which they were originally 

investigated in order to 

a) establish the sensitivity of the test to different environments, and 

therefore the general applicability of the techniques. 

b) compare values obtained at various time points for Australian material 

with Swift et al’s56,57 values in order to quantify differences. 
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3 Methodology 

3.1 Sample selection  

It has to be remembered that this thesis represents a preliminary investigation only 

and experimentation is designed to establish the feasibility of the concept of 

relating trace elements and isotope patterns in bones to age since death. Under 

these circumstances it is not possible to obtain a large number of human bone 

samples and it is necessary to work only with those that are easily available and 

relevant to investigate the possibility of developing this methodology.  

The eleven human skeletal samples used in this study were obtained from the 

School of Anatomy & Human Biology (The University of Western Australia) and the 

Department of Anatomical Sciences (The University of Adelaide).  The small amount 

of samples obtained was due to the strict selection criteria, which disallowed the 

researcher from using skeletal material that had been chemically treated i.e. 

embalming or chemical maceration.  The amount of tissue (bone) retained and 

destroyed in this study was in compliance with the Anatomy Act of 1930.  Dates of 

death of the individuals from which the samples were taken ranged between 2004 

AD and 3000 BC.  A detailed list of all bone samples obtained for the study is shown 

in Table 3.1.  The majority of samples were under 100 years old and Australian. The 

two archaeological samples were from Spain. 

Table 3.1 Details of bone used for testing 

Samples Year of 

death 

Era Type of  

bone 

Cause of  

death 

School of Anatomy & Human Biology (UWA) 

RM 1 2004 very recent femur neoplasm 

RM 2 2004 very recent femur pneumonia 

RM 3 2003 very recent femur neoplasm 

Department of Anatomical Sciences (Adelaide) 

1 3000 BC archaeological skull unknown 

2 1500 archaeological femur unknown 

3 1912 Historical femur syphilis 

4 1921 Historical femur tuberculosis 

5 1926 Historical femur osteitis 

6 1941 Recent skull osteitis 

7 1964 Recent femur fracture 

8 1970 Recent skull fracture 
Very recent (1 – 5 yrs); recent (6 – 74 yrs); historical (75 – 149 yrs); and archaeological (>150yrs) 
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The compact bone of the diaphysis (shaft) of the femur with all free trabeculae 

removed was used preferentially as it has been reported to be less susceptible to 

diagenesis.54  In addition, compact bone has a slow turnover rate, of approximately 

30 years, allowing radionuclides to stay within the bone collagen for longer            

(30 – 50 years).58  Portions of the cranium were used when femur samples could 

not be obtained (sample number 1, 6 and 8).  While cranial bones have been 

reported to be highly susceptible to diagenetic changes because of their large 

surface area to volume ratio, samples 6 and 8 had never been buried and therefore 

never exposed to diagenetic changes.   

3.2 General sample preparation 

Excess tissue was removed from the external surface of all samples using forceps 

and a scalpel; all bone marrow was also removed from the medullary cavity.  No 

tissue was present on either the external or the internal surfaces of the 

archaeological samples.  The bone samples were then washed with deionised 

water, and dried in an oven at 41ºC for a period of three days, in accordance with 

recommendations for drying to avoid volatilisation loss of polonium.80,81  Weights of 

the dried bone samples were determined using a calibrated laboratory balance 

(Table 3.2). 

Table 3.2 Recorded masses of all skeletal material 

Samples Date of  

death (years) 

Whole bone 

weight (grams) 

Ground bone 

weight (grams) 

RM 1 2004 7.76  

RM 2 2004 8.49  

RM 3 2003 8.54  

1 3000 BC 31.86 23 

2 1500 23.84 20 

3 1912 33.70 19 

4 1921 25.25 14 

5 1926 21.49 18 

6 1941 25.80 21 

7 1964 40.03 22 

8 1970 20.59 17 

 

The samples were then reduced to a relatively fine homogenous powder in a 

mechanical grinder, the anticipated contaminants from this source include carbon, 

manganese, sulphur and phosphorus.  Ground weights of each sample were again 

recorded using the calibrated laboratory balance.  The Environmental Research 
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Institute of the Supervising Scientist (eriss) required 20g of each sample to conduct 

replicated alpha and gamma analysis.   

One gram of the ground skeletal material from each sample retained for additional 

trace element testing at the University of Western Australia (UWA).  Residual 

samples were sent to eriss for alpha and gamma spectrometry analysis. 

 

3.3 Trace element analysis and sample preparation 

3.3.1 Certified reference material 

In the absence of more appropriate (calcium rich) certified reference materials 

(such as limestone, Canmet Stream sediment standard number two (STSD-2)), 

which contains a broad range of the type of rare earth elements determined by 

Swift et al. (2001) were used in this study. Four separate samples of the reference 

material were included with the analysis of the bone samples. 

3.3.2 Inductively coupled plasma mass spectrometry 

The fusion method was used to prepare samples for ICP-MS analysis.  Platinum 

crucibles were cleaned prior to use.  For each sample, 0.7g of flux (type 12:22; 

35.3% lithium tetraborate: 64.7% lithium metaborate) and 0.1g of the finely ground 

bone sample were weighed and added to the crucible and mixed thoroughly by 

rotating the crucible on an angle.  Platinum tipped tongs were used to place the 

crucibles into a muffle furnace where the flux/sample mix was fused at 1050°C for 

30 minutes then cooled for 15 minutes.  Crucible and melt were then transferred to 

a 120mL screw cap vial and 100mL of 10% HNO3 added using a calibrated 

dispenser.  This mixture was placed on a tumbler for one hour, or until the melt was 

fully dissolved, Bone and calibration standards were then diluted by a factor of ten 

with 10 ppb of rhodium/iridium solution.   

ICP-MS analysis was conducted twice, on occasions separated by several months, 

on an instrument located in the Department of Soil Science (Manufacturer: Perkin 

Elmer; Model: Elan 6000).  Analysis was conducted by the author with the help of 

staff from the School of Earth & Geographical Sciences (Soil Science), UWA.  The 

ICP-MS analysis was then repeated on a separate instrument by the School of 

Biomedical, Bimolecular and Chemical Sciences, (Manufacturer: Agilent; Model: 
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7500cs).  The error term cited for spectrometry results is based on one estimated 

standard deviation based upon raw counting statistics only. 

3.4 Radionuclide analysis and sample preparation 

3.4.1 Reference sample testing 

Three samples of fresh human femur, approximately five grams each, from a 

collection housed in UWA were first sent to eriss for alpha spectrometry analysis to 

establish whether the radionuclides of interest could be found in bone samples 

above the lowest detection limit.  As 210Po was the radionuclide of most interest 

226Ra was the isotope used in the reference testing.  210Po is the granddaughter of 

226Ra, and if there is no 226Ra present, there will be no 210Po (Figure 2.3). Once it 

was determined that 226Ra was present in the reference bone samples, the samples 

from different times since death obtained from The University of Adelaide were sent 

to eriss for alpha spectrometry and gamma spectrometry analysis. 

3.4.2 Certified reference material 

Before each analysis was conducted, the instruments were calibrated with respect 

to their internal standards.  To ensure reproducibility and accuracy of all the 

analyses conducted at eriss, multiple analyses of materials with standard amounts 

of alpha and gamma emitters from the International Atomic Energy Agency (IAEA) 

were incorporated. For the alpha spectrometry analysis the known standard used 

was IAEA-A-12 (animal bone) and for the gamma spectrometry analysis IAEA 315 

(marine sediment).  These samples were chosen because the reference material 

used by Swift et al.56,57 was no longer available and these were deemed to be 

appropriate for the type of analysis undertaken. 

3.4.3 Testing procedures 

Three techniques were used to quantify the levels of radionuclides and trace 

elements; alpha spectrometry,81-84 gamma spectrometry85-90 and inductively 

coupled plasma mass spectrometry (ICP-MS).45,91-94  Eriss conducted the alpha and 

gamma spectrometry analysis.  The isotopes of interest for the alpha spectrometry 

analyses were 238U, 226Ra and 210Po whilst the isotopes of interest for the gamma 

spectrometry analyses were 137Cs, 228Ra and 40K.   

Detection limits using alpha and gamma spectrometry vary depending on sample 

size, detector efficiency and background, chemical recovery and background 
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concentrations of the given nuclide.  A value is deemed to be below the detection 

limit if it is less than twice the standard deviation, based on repeat analyses, for 

that sample.  In such cases a less than value is recorded, being two times the 

standard deviation plus the calculated value.95   Previous analysis of quality 

assurance samples has shown that Eriss‟s lab has a median relative percentage 

difference between duplicate analyses of about 5%.96 

3.4.3.1 Alpha spectrometry 

The initial step in eriss‟s sample preparation was to add the appropriate tracer in 

the form of a solution, of 208Po or 209Po for 210Po.  Sample digestion and dissolution 

was then achieved using the method detailed by Medley & Bollhofer.97 In this 

method the sample must be brought completely into solution to allow chemical 

equilibrium of the tracer isotope and the isotope(s) to be determined to occur 

before element separation is carried out.  For the procedures involved in sample 

separation refer to Appendix 1. 

After separation of elements has been completed, there are a number of ways the 

final source (deposition) can be prepared.  These include evaporation of the 

solution onto a source backing surface; precipitation and filtration; auto-deposition 

onto a metal surface; electro-deposition onto a metal surface; and deposition by 

adsorption of hydroxides.  Auto-deposition onto a metal surface was used to obtain 

the final polonium source for analysis in this study and lead chromate precipitation 

for the lead.81 

3.4.3.2 Gamma spectrometry  

As gamma rays have a much greater ability to penetrate materials than alpha rays, 

no chemical separation of the radionuclide of interest from the sample matrix is 

required.82  The relatively fine homogenous powder sent to eriss was cast with a 

resin into one of their standard geometries of volumes 33, 201 or 1025cm3.  The 

samples were stored for a period of at least 23 days after casting to allow for 

secular equilibrium between 226Ra, 222Rn and radon samples before counting.  

Counting times are usually 24 to 48 hours depending on the expected 

concentrations of the sample.85   
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3.5 Analysis of data 

All analyses were performed using GenStat for Windows software (version 8.2).  A 

significance level of p<0.05 was set.  As well as graphical and other simple 

descriptive investigations of the data, simple one-way ANOVAs were used to test for 

differences between „era‟ or „bone‟ groups in the levels or concentrations of 

substances.  Linear regressions and correlation coefficients were used to test for 

the relationship between continuous variables (e.g. TSD, trace element 

concentrations and radionuclide activity concentrations) using both the „simple 

linear regressions‟ and „linear regression with groups‟ options available in the 

statistical package. 

The distinctiveness of patterns of radionuclide activity concentrations and trace 

element concentrations for different groups were tested through discriminant 

analyses.  The nature of the pattern of the relationship between the variables 

included in such analysis was investigated by principal component analysis and 

presented in a biplot derived from that analysis.  The relationship of variation in the 

pattern of radionuclide activity concentrations or trace elements with TSD over 

historical to very recent eras was tested by analysis of the regression of the first 

component of a principal component analysis against TSD. 

To establish the intra- and inter-measurer reliability of the analyses technical error 

measurement (TEM), coefficient r (R=), percentage of variance (%var) and the 

technical error measurement divided by the average percentage of variance 

(TEM/AV%) were calculated according to the methods of Ulijaszek and Mascie-

Taylor.98 

The results of this study were compared with Swift et al.’s.  Radionuclide results 

were compared first by following their methods of computation of unsupported (i.e. 

extrinsically acquired) 210Po /210Pb levels (210Po measured – 226Ra measured) and 

decay corrected to time of death 210Po /210Pb levels (210Po 

unsupported/0.5^(TSD/22.03) ,where 22.03 is the half-life of 210Pb).  Their equations 

for the relationships between measured 210Po and year of death, and decay 

corrected 210Po and year of death, were then re-derived and plotted from their 

published data.  Predicted values of 210Po for the samples in this study were 

calculated and plotted for comparison. 
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4 Results  

4.1 ICP-MS accuracy and reproducibility 

The samples were analysed on three separate occasions, twice by one lab and once 

by an independent lab.  Figure 4.1a and b depict the relationship between the three 

estimates for lead and lanthanum respectively. Graphs for the remaining trace 

elements are detailed in Appendix 2.   
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0

10

20

30

40

50

60

70

80

1 2 3 4 5 6 7 8

Sample ID

C
o

n
c

e
n

tr
a

ti
o

n
 (

m
g

/k
g

)

SS1

SS2

BCS

  
a)     Lead       

Lanthanum

0.0

10.0

20.0

30.0

40.0

50.0

60.0

1 2 3 4 5 6 7 8

Sample ID

C
o

n
c

e
n

tr
a

ti
o

n
 (

m
g

/k
g

)

SS1

SS2

BCS

 
b)     Lanthanum 
Figure 4.1  Trace element concentrations of a) lead and b) lanthanum in dried bone as analysed by 
the School of Earth and Geographical Sciences (blue and pink lines) and the School of Biomedical, 
Bimolecular and Chemical Sciences (yellow line) 
 

All but two of the intra-measurer (within lab) errors contributed less than 1% to the 

variance between samples, the exceptions being rubidium at 1.07% and lead where 

it contributed 6.64% (Table 4.1).  The inter-measurer (between labs) errors were, as 
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expected, larger.  Measures of zinc and strontium varied most between labs, 

contributing 25.92% and 12.73% respectively to the overall variance.99 

Table 4.1 Intra- and inter-measurer error for all trace elements*  

 Ba Ca Ce La Nd Pb Rb  Sr  Zr Zn 

Intra (Soil Science)         

TEM 

R= 

%var 

relTEM% 

11.37 

0.99 

0.50 

13.42 

3.75 

0.76 

24.2 

18.4 

0.86 

0.99 

0.10 

8.36 

0.91 

0.99 

0.17 

6.93 

0.13 

0.99 

0.01 

2.61 

5.42 

0.93 

6.64 

13.01 

3.19 

0.98 

1.07 

27.56 

16.22 

0.99 

0.64 

6.37 

2.86 

0.99 

0.28 

11.37 

2.98 

0.99 

0.24 

1.84 

Inter (Soil Science vs. Chemistry)        

TEM 

R= 

%var 

relTEM% 

15.32 

0.98 

1.00 

18.34 

- 

- 

- 

- 

0.42 

0.99 

0.02 

4.03 

3.08 

0.98 

1.75 

22.26 

0.46 

0.99 

0.11 

8.75 

3.70 

0.96 

3.64 

9.05 

0.55 

0.99 

0.03 

4.71 

83.58 

0.87 

12.73 

31.26 

2.76 

0.99 

0.25 

11.49 

31.83 

0.61 

25.92 

22.15 

*Based on eight experimental samples plus standards. TEM = technical error measurement; R= 

coefficient r; %var= percentage of variance attributable to measurement error; relTEM% = TEM/AV% 

= technical error measurement divided by the average of all measured values for each element. 

 

Concentrations of the trace elements in the standard solutions expected from the 

published values were compared with the measured concentrations (Table 4.2) 

using a one-sample t-test.  The majority of the measured concentrations of 

elements in the standards did not differ significantly (p<0.05) from the expected 

values, but the difference between the expected and measured concentrations for 

cerium (p= 0.025), strontium (p= 0.05) and zirconium (p= 0.05) did.  The mean of 

the three concentration estimates for each element in the standards fell within 10% 

of the expected value (most within 5%). Figure 4.2 depicts the relationships 

between the three estimates of each trace element in the standards, together with 

the expected values. 
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Figure 4.2  Comparison of measured and expected trace element concentrations  
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4.2 Trace elements 

Trace element profiles were obtained from eight samples of human bone, two from 

archaeological (>150 years ago), three from historical (75 - 149 years ago) and 

three from recent (forensic/anthropological) (<75 years ago) eras.  The results 

shown in Table 4.2 are the averages of the three separate measurements 

described previously.  Zinc and strontium had the highest concentrations in the 

bone and cerium and neodymium the lowest.  Bones from the archaeological era 

had the highest concentrations of all trace elements and, generally, bones from the 

recent era the lowest.  

Table 4.2 Trace element concentrations for bone samples measured in (mg/kg), calcium (wt%) 

Year TSD 

(yrs) Eras Ba Ca Ce La Nd Pb Rb  Sr  Zn Zr 

 ~5000 Archaeological 55.5 30.3 3.0 4.8 1.7 6.7 2.2 268.7 243.3 10.8 

 ~500 Archaeological 130.4 26.4 2.8 50.1 1.4 26.1 4.4 811.2 165.7 10.9 

1912 94 Historical 13.6 19.2 0.2 3.0 0.2 63.7 0.4 232.4 103.9 9.8 

1921 85 Historical 11.2 22.0 0.2 0.8 0.1 46.1 0.2 168.3 114.3 4.2 

1926 80 Historical 18.1 20.8 0.2 0.7 0.1 61.2 0.3 163.0 218.2 3.4 

1941 65 Recent 8.4 20.0 0.1 1.2 0.2 29.2 0.9 125.8 99.7 2.3 

1964 42 Recent 7.7 21.2 0.1 0.7 0.1 29.8 0.2 123.9 81.8 2.4 

1970 36 Recent 13.3 21.0 0.2 1.2 0.2 39.7 0.4 140.5 111.1 2.2 

STSD-2 obtained 2.93 209 498 2.93 86 60 43 67 96 416 

STSD-2 expected 2.86 246 540 2.86 93 59 43 66 104 400 

 

The variation in trace element concentrations over time fell into three basic 

patterns.  Barium, cerium, lanthanum, strontium, neodymium and rubidium 

concentrations echoed that of calcium (Figure 4.3 and Table 4.3) in being higher in 

bone from the archaeological era than in that from the historical and recent eras 

(Figure 4.6 a-f). 

Table 4.3 Summary of results of ANOVA (laboratory as block factor) of trace element concentrations 

in bone from different eras (arch = archaeological era; hist = historical era; rec = recent era. LSDs 

and significance of differences applicable to comparison of archaeological vs. recent or historical 

and recent vs. historical respectively) 

Element DF F (VR) p value LSD Sig Differences 

Barium 2 32.15 <0.001 23.65; 21.15 arch > (hist/rec) 

Calcium 2 36.86 <0.001 2.114; 1.891 arch > (hist/rec) 

Cerium 2 670.73 <0.001 0.175; 0.157 arch > (hist/rec) 

Lanthanum 2 9.28 0.002 14.22; 12.72 arch > (hist/rec) 

Lead 2 44.56 <0.001 9.26; 8.28 hist > rec > arch 

Neodymium 2 230.73 <0.001 0.151; 0.136 arch > (hist/rec) 

Rubidium 2 40.41 <0.001 0.759; 0.679 arch > (hist/rec) 

Strontium 2 13.55 <0.001 173.2; 154.9 arch > (hist/rec) 

Zinc 2 10.72 <0.001 48.44; 43.32 arch > hist > rec 

Zirconium 2 24.31 <0.001 2.567; 2.296 arch > hist > rec 
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Figure 4.3 Concentration of calcium in dried bone.  (Boxes = middle 50% of values, whiskers = whole 

range, horizontal line through box = median). No whiskers for archaeological data as only 2 values 

 

Zinc and zirconium concentrations declined steadily in bones from archaeological 

through to recent times (Figure 4.4a and Figure 4.4b).  In both cases, the 

concentration differences across time were statistically significance (Table 4.3). 

           
a)     Zinc     b)     Zirconium 

Figure 4.4 Concentrations of a) zinc and b) zirconium in dried bone.  (Boxes = middle 50% of values, 

whiskers = whole range, horizontal line through box = median) 

 

The pattern of variation in bone lead concentrations was unlike that of any of the 

other trace elements assayed, being higher in bones from the historical period than 

those from earlier or later times (Figure 4.5). This difference was statistically 

significant (Table 4.3). 

 
Figure 4.5 Concentration of lead in dried bone.  (Boxes = middle 50% of values, whiskers = whole 

range, horizontal line through box = median) 
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In all the cases, the concentrations in bone from the archaeological era were 

significantly greater than those from the two more recent eras, which did not differ 

(Table 4.3 and Figure 4.6 a-f). 

  
a)     Barium      b)     Cerium 

           
c)     Lanthanum     d)     Neodymium 

           
e)     Rubidium      f)     Strontium 
Figure 4.6  Concentrations of a) barium, b) cerium, c) lanthanum, d) neodymium, e) rubidium and f) 

strontium in dried bone.  (Boxes = middle 50% of values, whiskers = whole range, horizontal line 

through box = median) 

 

Samples from each of the three eras grouped together when concentrations of the 

whole set of trace elements was taken into account in a principal components 

analysis (Figure 4.7a) principal component 1 (PC1) accounted for 93.7% of the 
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variance (2= 6.51, 2DF, p= <0.05) whilst PC2 accounted for 5.65% of the variance 

(not significant).  The greatest influences upon the separation on axis one in this 

analysis were strontium (r= -0.9782) and barium (r=-.176) concentrations on the 

one hand and lead (r= 0.0231) on the other.  The archaeological specimens 

differed significantly from more recent specimens (ANOVA on PC1 with laboratory as 

blocking factor F=14.7, df2,2,19, p=<0.001, archaeological < historical/recent; 

Fcontrast A vs (H+R)  = 7.92, 1+5df, p= 0.037), the difference arising chiefly from the 500 

year-old specimen which had extremely high strontium, barium and lanthanum 

values (Table 4.1). 

  
a)    Principal Component Analysis    b)     Discriminant Analysis 

Figure 4.7 a) Principal components analysis (lines represent grouping by eras) and b) discriminant 

analysis (crosses represent individual samples and circles represent 95% confidence intervals for 

group means) by era based on average values of all trace elements as set out in Table 4.1.  

 

The consistency of these basic patterns is manifested in the strong differentiation 

between bones from different eras achieved by discriminant analysis based upon 

the whole set of trace elements (Figure 4.7b).  One hundred percent of specimens 

were correctly classified by era in the discriminant analysis.   

The greatest influences upon the separation of the archaeological from the 

historical and recent specimens on discriminant analysis on axis one were rubidium 

(r= 0.406) versus zirconium (r= -0.593) and cerium (r= -0.571) concentrations.  The 

greatest influences upon the separation of the historical and recent specimens on 

axis two were lead (r= 0.289), zirconium (r= 0.209), zinc (r= 0.131) versus calcium 

(r= -0.180) concentrations.   

The basic patterns of variations in trace element concentrations with time 

illustrated in Figure 4.3 to Figure 4.5, had indicated that calcium, lead, zirconium 
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and zinc offered the best chance of finer resolution determination of TSD over the 

recent and historical period.  However, further examination of the data does not 

seem to support this idea (Figure 4.8 and Figure 4.9).  There was no straightforward 

relationship of trace elements concentrations to TSD whether or not archaeological 

samples were taken into account. 

       
a)    All eras      b)     Historical and recent eras 

Figure 4.8 Concentrations of all trace elements except calcium in bone for a) all eras on a log scale 

b) historical and recent eras on a linear scale 

       
a)    Historical and recent eras   b)     Recent era 

Figure 4.9 Concentrations of calcium, lead, strontium and zirconium in bone for the a) historical and 

recent eras b) recent era on a linear time scale 

 

4.2.1 Bone differences 

Lead was the only element assayed that differed significantly in concentration 

between femur and skull samples (Table 4.4).  The different types of bone could not 

be separated on their overall trace element profiles by principal components (Figure 

4.10a, p= 0.530 on PC1 score) or discriminant analysis (Figure 4.10b).  The 

greatest influences upon the separation of bone type in the discriminant analysis 

were strontium (r= -0.224), lanthanum (r= -0.214), neodymium (r= 0.179) and 

cerium (r= 0.141). 
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Table 4.4 Summary of results of ANOVA of trace element concentrations in bone for different bones 

(laboratory as blocking factor) 

Element 
Mean 

Skull 

Mean 

Femur 
DF 

F 

(VR) 

p 

value 
Element 

Mean 

Skull 

Mean 

Femur 
DF 

F 

(VR) 

p 

value 

Barium 36.19 25.75 1 0.33 0.575 Neodymium 0.39 0.69 1 1.10 0.306 

Calcium 21.93 23.79 1 0.42 0.543 Rubidium 1.08 1.15 1 0.01 0.917 

Cerium 0.69 1.08 1 0.55 0.468 Strontium 299.78 178.36 1 1.57 0.224 

Lanthanum 11.99 2.39 1 1.42 0.240 Zinc 136.79 151.36 1 0.31 0.583 

Lead 45.38 25.32 1 8.55 0.008 Zirconium 6.17 5.12 1 0.34 0.564 
 

   

a)    Principal Component Analysis    b)     Discriminant Analysis 

Figure 4.10 a) Principal component analysis and b) discriminant analysis by bone based on 
average values of all trace elements as set out in Table 4.1. 
 

While the very small sample sizes and uneven representation of the two types of 

bone in the samples from the different eras makes formal analysis of the nature of 

this variation in bone difficult, the data suggests that the ratios of concentrations of 

any one element in skull and femur change over time (Figure 4.11a and Figure 

4.11b). 

   

a)    Archaeological era     b)     Recent eras 

Figure 4.11 Trace element concentrations in the a) archaeological and b) recent eras 
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4.2.2 Trace element comparison with Swift et al.53 

Figure 4.12 a-j show how the trace elements concentrations obtained in this study 

compare with those reported by Swift et al.57 

  
a) Barium (Fchange intercept = 23.65, p= <0.001)  b) Calcium (Fchange intercept = 789.03, p= <0.001) 
 

     
c) Cerium (Fchange intercept = 31.94, p= <0.001)  d) Lanthanum(Fchange intercept = 3.80, p= 0.067) 
 

 

        
e) Neodymium (Fchange intercept = 125.00, p= <0.001)  f) Lead (Fchange intercept = 4.26, p= 0.054)  
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g) Rubidium (Fchange intercept = 28.00, p= <0.001) h) Strontium (Fchange intercept = 8.02, p= 0.011) 

   
i) Zinc (Fchange intercept = 8.68, p= 0.009)   j) Zirconium (Fchange intercept = 247.26, p= <0.001) 

Figure 4.12  Comparison between Swift’s and this study’s trace element concentrations (NS = not 
significant) 

 
Table 4.5 Comparison of regression of trace element concentrations on TSD between present 
study (study) and Swift et al. (2001) (Swift)  

 

constant + TSD constant + TSD + origin 

constant + TSD + origin 

+ TSD.origin 

 V.R. F p. r. %var V.R. F p. r. %var V.R. F p. r. %var 

Barium 1.50 0.235 2.5 13.47 <.001 55.5 10.76 <.001 59.4 

Calcium 7.06  0.016 23.3 544.54 <.001 98.2 355.04 <.001 98.2 

Cerium 6.30 0.021 21.0 24.25 <.001 69.9 15.84 <.001 69.0 

Lanthanum 2.84 0.108 8.4 3.53 0.051 20.2 2.74 0.075 20.7 

Neodymium 6.38 0.021 21.2 86.51 <.001 89.5 55.69 <.001 89.1 

Lead 13.02 0.002 37.5 9.76 <.001 46.7 7.69 0.002 50.1 

Rubidium 6.19 0.022 20.6 21.49 <.001 67.2 13.99 <.001 66.1 

Strontium 17.85 <.001 45.7 16.23 <.001 60.4 10.36 <.001 58.4 

Zinc 0.22 0.641 ♠ 4.50 0.026 25.9 3.05 0.057 23.5 

Zirconium* 2.57 0.126 7.6 0.61 0.556 93.7 0.48 0.698 93.8 
♠ Residual variance exceeds variance of response variate 

* Outlier removed due to suspected contamination 

If the results of the present study and that of Swift (2001) were considered as one 

set of data, it could be concluded that there was a significant variation in the 
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concentration of the trace elements with TSD for all elements except barium, 

lanthanum, zinc and zirconium (column [constant + TSD], Table 4.5).  The pooled 

regression equation for barium accounted for lowest percent of variation with only 

2.5%, that for strontium the highest with 45.7%.   The concentrations of lead, 

strontium, zinc and zirconium increase with TSD increase while that of calcium 

decreases.  

The data from the two studies clearly cannot be considered parts of the same 

population, however.  While there was no significant difference in the general 

nature of the relationship (slope, interaction) between trace element concentration 

and TSD in the data of this study compared with Swift’s (column [constant + TSD + 

origin + TSD.origin], Table 4.5).   

For all but lanthanum and zirconium the levels of trace elements at any TSD 

obtained in this study differ significantly from those obtained by Swift (2001), being 

lower, except for the cases of barium and strontium, where they are higher (see 

column [constant + TSD + origin], Table 4.5). Indeed, this study obtained near zero 

levels of rubidium, neodymium and cerium at all time points.  Considered 

separately, only Swift’s data reveal any significant relationships between trace 

element concentrations and TSD. Both lead and strontium levels in bone rose with 

burial time in Swift’s study. 

Taken together, in a principal components analysis, the data for PC1 from Swift’s 

(2001) and this study were pooled, they accounted for 45.4 percent of variation 

which was significant (p=<0.001) (Figure 4.13). If the data is considered as two 

separate groups, then the change is significant (p= 0.001) accounting for 69.36 

percent of variation but the difference in slopes is not significant. 

 
Figure 4.13  Comparison between Swift and this study based on PCA versus TSD 
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4.3 Radionuclides 

Radionuclide activity concentrations (gamma and alpha emissions) were obtained 

from eleven samples of human bone, two from archaeological, three from historical, 

three from recent and three from very recent (two - three years since death) eras.  

Results of analysis from gamma spectrometry standards fell just above the upper 

95% confidence interval of the recommended value, while the activity 

concentrations for alpha spectrometry fell within the 95% confidence interval of the 

recommended value for Ra-226.  Results from the gamma spectrometry analysis 

did not yield anything useful; most failing to register at the minimum level for 

effective detection (Table 4.6). 

Table 4.6 Radionuclide activity concentrations of gamma emitters for bone samples measured in 

Becquerel per kilogram (Bq/kg ± standard deviation) 

TSD 

(yrs) 

Eras 137Cs  40K  228Ra  226Ra  

~5000 Archaeological <1.4 <21 <8 2.9 ± 2.0 

~500 Archaeological <1.4 34 ± 6 5.3 ± 2.8 8.9 ± 1.3 

94 Historical <0.8 <11 <8 <10 

85 Historical <0.9 <15 <10 <10 

80 Historical <0.9 <14 <9 <10 

65 Recent <0.9 21 ± 13 <12 <14 

42 Recent <0.6 <12 <9 2.3 ± 1.6 

36 Recent <0.9 <20 <9 <10 

3 Very recent <1.9 <69 <21 <25 

2 Very recent <1.3 <49 <18 <20 

2 Very recent <3.3 <70 <30 <44 

IAEA-315 (standard)1 444 ± 3 310 ± 10 29 ± 3 14.8 ± 1.3 

IAEA-315 (standard)2  - 297 (288 – 303) 26.7 (25 – 28) 13.8 (13 – 14.6) 

< = below detection limit; 1obtained values; 2recommended values; (figures in brackets are 95% 

confidence interval) 

 

Table 4.7 Radionuclide activity concentrations of alpha emitters for bone samples measured in 

Becquerel per kilogram (Bq/kg ± standard deviation) 

TSD (yrs) Eras 238U  226Ra  210Po 

~5000 Archaeological 2.71 ± 0.14 3.07 ±0.15 5.15 ± 0.22 

~500 Archaeological 29.15 ± 2.1 7.03 ± 0.44 17.2 ± 0.7 

94 Historical 0.276 ± 0.03 0.62 ± 0.86 0.618 ±0.041 

85 Historical 1.37 ± 0.07 0.97± 0.90 0.546 ± 0.042 

80 Historical 0.210 ± 0.089 0.55 ± 0.75 0.400 ± 0.039 

65 Recent 0.088 ± 0.022 1.07 ± 0.90 1.38 ± 0.08 

42 Recent 0.036 ± 0.014 0.47 ± 0.75 0.621 ± 0.042 

36 Recent 0.434 ± 0.036 1.03 ± 0.10 1.26 ±0.08 

3 Very recent 0.048 ± 0.02 0.90 ± 0.11 1.97 ± 0.11 

2 Very recent 0.04 ± 0.016 1.05 ± 0.11 1.23 ± 0.08 

2 Very recent <0.098 1.42 ± 0.22 2.24 ± 0.214 

IAEA-A-12 (standard)1 - 6.29 ± 0.60 - 

IAEA-A-12 (standard)2 - 5.2 (4.4- 6.7)  
1obtained values; 2recommended values; (figures in brackets are 95% confidence interval) 
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The variation in radionuclide activity concentrations of the alpha emitters (Table 

4.7) 226Ra, 238U and 210Po were higher in bones from the archaeological era than 

from the historical, recent and very recent eras (Figure 4.14 a-c and Table 4.8). 

        
a)     Uranium-238    b)     Radium-226 
 

 
c)     Polonium-210 

Figure 4.14 Alpha activity concentrations of a) 238U, b) 226Ra and c) 210Po 

 
The activity concentration of all radionuclides were higher in the archaeological 

specimens than in those from more recent eras 210Po and 226Ra significantly so – 

(Table 4.6 and Figure 4.14b and Figure 4.14c).  Removing the archaeological era 

from ANOVA testing did not leave any significances in differences in 210Po and 226Ra 

activity concentrations between the three more recent eras (Table 4.9). 

Table 4.8 Summary of results of ANOVA of radionuclide concentrations in bone from different eras  

Radionuclide DF F (VR) p value LSD Difference 

Polonium-210 3 7.99 0.012 2.352 (max-min) arch > (all) 

Radium-226 3 5.31 0.032 6.995 (max-min) arch > (all) 

Uranium-238 3 2.67 0.128 15.27 (max-min) - 
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Table 4.9 Summary of results of ANOVA of radionuclide concentrations in bone from historical, 

recent and very recent eras  

Radionuclide DF F (VR) p value 

Polonium-210 1 0.17 0.689 

Radium-226 1 0.62 0.456 

Uranium-238 1 0.00 0.955 

 

Activity concentrations of 210Po and 226Ra tended to decline linearly with TSD over 

the very recent to historical timespan, but the relationship was only statistically 

significant in the case of 210Po (r = 0.799, p = 0.01) (Figure 4.15b and Figure 

4.15c).  That of 238U showed no significant association with TSD (Figure 4.15a). 

   
a)     Uranium-238 (R2=0.177)    b)     Radium-226 (R2=0.188) 

 
c)     Polonium-210 (R2=0.586) 

Figure 4.15 Linear regression of activity concentrations of a) 238U, b) and c) 210Po against TSD from 

the historical, recent and very recent eras 

 

Taken together, these variations reveal a marked distinction in radionuclide profiles 

between bones from different eras (Figure 4.16).  With bones from the 

archaeological era included, discriminant analysis correctly classified all but one 

very recent sample, which was misclassified as recent.  The greatest influences 

upon the separation of the archaeological from the historical, recent and very 
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recent specimens on axis one were 226Ra (r = 0.3777) and 210Po (r = 0.3102).  The 

greatest influences upon the separation of the historical, recent and very recent 

specimens on axis two was the 226Ra activity concentration. 

 
Figure 4.16 Discriminant analysis by era 

based on all alpha emitting radionuclides 

 
 

Figure 4.17 Principal component analysis 

of alpha radionuclides for historical to 

very recent eras  

 

The suggestion a linear of relationship between the pattern of radionuclide activities 

and time between historical and very recent times in Figure 4.16 was reinforced in 

the results of a principal components analysis (Figure 4.17) and confirmed in the 

significant regression (p= 0.008) of the first principal component against TSD 

(Figure 4.18). 

  
a)  PC1 without archaeological data (R2=0.614)       b) PC 2 without archaeological data  

(Residual variance exceeds variance of response variate) 

Figure 4.18 a) principal component score 1 for radionuclides without archaeological era included 

versus TSD and b) principal component score 2 for radionuclides without archaeological era 

included versus TSD 
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4.3.1 Bone differences 

There was no statistical significance in the apparent differences in the activity 

concentrations of the individual radionuclides assayed between the femur and skull 

(Table 4.10), or when the three were considered together in discriminant analysis 

(Figure 4.19).   

Table 4.10 Summary of results of ANOVA of alpha emitting radionuclide activity concentrations 

(count rates) in different bones  

Element 
Mean skull  

(Bq/kg) 

Mean femur  

(Bq/kg) 
DF F (VR) p value 

210Po 2.6 3.1 1 0.08 0.787 
226Ra  1.72  1.63 1 0.01 0.912 
238U 1.1  3.9 1 0.45 0.529 

 

 
Figure 4.19 Discriminant analysis by bone 
type based on all radionuclide alpha 
emissions  
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Figure 4.20 Linear regression between TSD 
and principal component score 1 for analysis 
including all radionuclide data by bone type 
over historical and recent eras 

Nevertheless, the plot of the regression of principal component (PC1) against time 

since death for samples from historical and recent eras suggests difference 

between the bones (see Figure 4.20).  With the difference between bones taken 

into consideration PC1 accounts for 86% of the variance in radionuclide activity 

concentrations (p= 0.084) with time since death.  Small sample sizes preclude 

formal testing of the differences in the regression parameters between bones. 

4.4 Radionuclide and trace element relationships 

There were systematic relationships between the alpha activity concentrations of 

radionuclides and trace element concentrations in the bone samples from recent 

(36 years since death) to archaeological times (Appendix 3, Appendix 4, Figure 

4.21a and b and Figure 4.22a and b). 
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a)  Biplot of all eras 

 

 
b)  Enlargement of biplot 
Figure 4.21 a) Biplot of trace elements and radionuclide based on principal component analysis for 

all eras b) enlargement of the clustering of elements 

 

Essentially, when looking at the data for all eras, the variations in lead 

concentrations were unlike those of any other component under consideration.  

Indeed, bone lead concentrations had a significant inverse relationship to calcium 

levels.  Zinc, cerium and neodymium levels varied directly with calcium content, and 

varied most closely with TSD.  Barium, lanthanum, rubidium, strontium and 

zirconium levels varied with the activities of the radionuclides, but less directly with 
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TSD.  Barium concentrations bore the strongest relationship to the activity levels of 

210Po and 226Ra, while lanthanum, rubidium, strontium and zirconium varied with 

those of uranium.  However, when the archaeological data is removed from the 

analysis a very different biplot is obtained (Figure 4.22a and b). 

 
a)  Biplot without archaeological era  
 

 
b)  Enlargement of biplot 
Figure 4.22 a) Biplot of trace elements and radionuclide based on principal component analysis 

without archaeological data b) enlargement of the clustering of elements 
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4.5 Calculated polonium and lead 

The activity concentrations of 210Po as well as the values of unsupported 210Po 

(210Pb) and the decay corrected values calculated according to the method of Swift 

et al.57  are set out in Table 4.11. 

Table 4.11 Decay corrected 210Po (210Pb) vales measured in Becquerel per kilogram (Bq/kg) (± 

indicated standard deviation)  

Year TSD 

(yrs) 

Eras 210Po Unsupported 

 210Po (210Pb) 

(210Po - 226Ra) 

Unsupported 210Po 

(210Pb) decay corrected 

to time of death 

 ~5000 Archaeological 5.15 ± 0.22 2.08  4.373E+68 

 ~500 Archaeological 17.2 ± 0.7 10.17  6.912E+07 

1912 94 Historical 0.618 ±0.041 -0.002  (-0.0385) 

1921 85 Historical 0.546 ± 0.042 -0.424  (-6.150) 

1926 80 Historical 0.400 ± 0.039 -0.150  (-1.859) 

1941 65 Recent 1.38 ± 0.08 0.310  2.396 

1964 42 Recent 0.621 ± 0.042 0.151  0.566 

1970 36 Recent 1.26 ±0.08 0.230  0.714 

2003 3 Very recent 1.97 ± 0.11 1.07  1.139 

2004 2 Very recent 1.23 ± 0.08 0.210  0.217 

2004 2 Very recent 2.24 ± 0.214 0.820  0.846 

 

Figure 4.23 illustrates the relationship between the 210Po concentrations obtained 

in this study from Table 4.11 (blue hexagons) and Swift et al.’s57 measured 

(squares) and decay corrected for time of death calculated (circles) values and 

Table 4.12 the predicted values for the samples used in this study for both 

measured 210Po concentrations and 210Po concentrations decay corrected to time 

death by using Swift’s regression equations from Figure 4.23. 

 
Figure 4.23 The correlation between TSD and 210Po concentrations 

Source: Swift et al. (2001) 



 

- 53 - 

 

Table 4.12 Predicted 210Po concentrations using Swift et al. (2001) equations derived from linear 

regression analysis (± indicates standard deviation) 

Year TSD 

(yrs) 

Predicted 

 210Po values 

(measured) 

Measured 210Po 

concentrations 

from this study 

Predicted 210Po 

decay corrected 

to time of death 

Calculated 210Po (210Pb) 

decay corrected to time 

of death 

1912 94 0.0579 0.618 ±0.041 0.1629 (-0.0385) 

1921 85 0.0971 0.546 ± 0.042 0.2395 (-6.150) 

1926 80 0.1294 0.400 ± 0.039 0.2968 (-1.859) 

1941 65 0.3063 1.38 ± 0.08 0.5644 2.396 

1964 42 1.1476 0.621 ± 0.042 1.5125 0.566 

1970 36 1.6199 1.26 ±0.08 1.9559 0.714 

2003 3 10.789 1.97 ± 0.11 8.0445 1.139 

2004 2 11.402 1.23 ± 0.08 8.3965 0.217 

2004 2 11.402 2.24 ± 0.214 8.3965 0.846 

 

All but one measured 210Po value from this study fell outside Swift’s57 95% 

confidence interval (Figure 4.24a).  Two out of the three decay corrected to time of 

death samples from the very recent era fell within the 95% confidence interval but 

those from three recent era samples fell outside the 95% confidence interval. The 

values from the historical era samples were too small for log10 conversions and 

plotting (Figure 4.24b). 

 

a)  Measured 210Po    b)  Decay corrected to TSD 210Po  

Figure 4.24 Relationship of a) measured 210Po to year of death in this study compared with Swift et 

al.52 including the 95% confidence intervals and b) decay corrected to TSD 210Po to year of death in 

this study compared with Swift et al. 52 including the 95% confidence intervals. F = femur, S = skull 
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a)  Measured 210Po    b)  Decay corrected to TSD 210Po  

Figure 4.25 Relationship of a) measured 210Po to year of death in this study compared with Swift et 

al.52 and b) decay corrected to TSD 210Po to year of death in this study compared with Swift et al. 52 

 

Taken together, 210Po activity values from the non-archaeological periods examined 

in this study and Swift’s study show a significant relationship of to year of death   

(p= <0.001, 51.4% of variance), though with a slightly flatter slope than the original 

(exponent 0.012 vs. 0.013).  There was a significant difference in the slopes of the 

regression against time for the two sets of data, (Figure 4.25a) however                

(p= <0.001).  There is a significant improvement (p= <0.001, to 82%) in the 

percentage of variance accounted for with this difference taken into account.  There 

was no remaining significance in the relationship between 210Po values decay 

corrected to TSD and year of death (Figure 4.25b) with the combination of data 

from this and Swift et al’s57 study (p= 0.456), nor when considering the difference 

between the data sets (overall p= 0.232, interaction = 0.91).  For that matter, the 

relationship did not achieve significance for Swift’s data either, whether considered 

within the context of both sets (p= 0.58) or alone (p= 0.90). 
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4.6 Radionuclide profiles and time since death 

    
a)  PCA by study 
 

  
     b)  PCA by year of death 
Figure 4.26 Principal component analysis for historical and recent era data from Swift et al.52 and 

present study a) by study and b) by year of death 

 

Considered together through principal component analysis, the radionuclide activity 

concentrations from this study assort with those from Swift et al.57 (Figure 4.26a) in 

a way which reflects TSD (Figure 4.26b).  Indeed, the first principal component 

score in this combined analysis varies significantly with TSD (p= <0.001, reflecting 

45.5% of variance).  As with the 210Po values however, there is a significant 

difference (p= <0.001) in the regressions of the two sets of data on TSD.  This 
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association is significant in each case (present study p= 0.02, Swift et al.57 p= 

<0.001).  With the difference in slopes of the two regressions taken into account, 

70.8% of the variance in the first principal component is accounted for (Figure 

4.27). 

 

Figure 4.27 Regression of principal component scores for data for historical and recent eras from 

Swift et al.52 and present study 

 

The differences in patterns of trace element and radionuclide activity 

concentrations between the two studies are reflected in Figure 4.28 a and b.  While 

cerium and neodymium vary together in both studies, and the radionuclide activity 

concentrations with rubidium and barium concentrations, strontium behaves in a 

similar manner to lead, and calcium concentrations are related to radionuclide 

values only in Swift’s data. 

      

Figure 4.28 Biplot of trace elements and radionuclide based on principal component analysis for all 
eras for a) Swift et al.

52
 data b) present study 

 

 



 

- 57 - 

5 Discussion 

The aim of this study was to investigate the novel approaches to dating human 

skeletal remains proposed by Swift et al.56,57 by measuring activity concentrations 

of radionuclides and trace element concentrations.  It must be pointed out that this 

was a preliminary study, as there were a very limited number of samples available, 

which can only be interpreted within a local context.  Drawing conclusions from this 

data alone may not give an accurate picture of the trends that exist.   

Any study attempting to characterise changes in the composition of the body with 

the passage of time must deal with the reality that “the past is different country”,100  

meaning at no place on earth is a human life lived through an unchanging 

environment.  Except under rigid experimental constraints, it is impossible to 

separate the time that a person has lived on the earth, or lain dead within it, from 

the state of the earth at the moments they did so.  An example arising from this 

study and from Swift’s56,57 data lies in the high lead levels which characterise bones 

from individuals alive during the early part of the twentieth century, when the highly 

labile metal was almost ubiquitous in plumbing, paints, metal vessels, eating and 

cooking utensils etc. 

The main impact that this truth has upon the interpretation of the results of this 

study is that while it can quite fairly be claimed that bone from the three eras 

considered had quite distinctive trace element and radionuclide signatures, it 

cannot be said that the distinction arises from the passage of time as such.  This is 

particularly the case when comparing the archaeological with the more recent 

material.  Not only were the archaeological samples from a different time and 

geographical region, they were the only samples in this study to have spent time 

interred in the earth. 

Currently the application of trace element analysis from human bones in the 

forensic context is limited to determining where an individual resided or to what 

they had been exposed during life.  By analysing the pattern of trace element 

concentrations taken from samples of relatively dynamic spongy bone, it can be 

established where a person has lived recently or alternatively, by looking at samples 

from the more stable core of the wall of a long bone, where a person grew up 

(where they were at the time that the bone was laid down).   
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The results of this study indicate the possibility of grouping human skeletal remains 

together based on trace element and radionuclide concentrations. What has not 

been proven is that there is a definitive relationship between the trace element and 

radionuclide levels and time since death. However, even with the necessarily limited 

number of samples that have been made available to this study, it is possible to 

generally group historical and recent samples together and to give a strong 

indication that they can be isolated from one another. The implication here is that 

these samples can be separated and grouped based on their elemental signature 

and as such, with a more detailed survey, it may be possible to identify these 

differences even more rigorously. Obviously, the introduction of data from the two 

archaeological samples into any statistical or chemometrical interpretation regime 

will completely skew and bias the data because the archaeological samples are the 

only ones that have been interred and as such have been subject to diagenesis. For 

this reason the data from these samples were remove prior to interpretation.  This 

research therefore highlights the need to explore systematically with appropriate 

experimental controls differences arising from bone types (i.e. long, short, flat and 

irregular), environment, diagenesis and time. 

For the same reasons, it was difficult to attribute the variation between samples in 

this study to the effects of the passage of time.  For example, it is possible that the 

difference in trace element concentrations observed between the present study and 

that of Swift could be due to the differences in the provenance of the bone samples.  

Bones, investigated by Swift,56,57 were taken from individuals who had lived and 

were buried near Lisbon, Portugal, while the non-archaeological samples in this 

study were from individuals living near Adelaide, South Australia and had never 

been buried.  Indeed, Swift explains some of his effects in terms of diagenetic 

uptake of trace elements from the volcanic soil.  It is interesting to note however, 

that the two sites for the archaeological samples in this study are on the down 

slopes of the same mountain chain (Cantabrian Mountains) from which Swift’s Alto 

De S. Joao cemetery samples were obtained.  Trace element and radionuclide 

values for these samples were more nearly within the ranges obtained in Swift’s 

study than in the more recent, never buried samples of this study.  It is also possible 

that they were exposed to mortuary practices of relevance.  These factors affect 

both the permeability and preservation of skeletal material.101-103   
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Neither study analysed soils samples from the areas in which the bones had been 

interred.  At least in relation to the historical and recent eras, it could be inferred 

that the results from this study of never-interred bones, has the potential to give a 

clearer picture of the innate changes in trace element concentrations of human 

bone with TSD than Swift’s.  Soil sampling should be included in future studies. 

With the exception of lanthanum and zirconium, the levels of trace elements at any 

TSD obtained in this study differ significantly from those obtained by Swift et al.57   

While lead and zinc concentrations were within the ranges reported by Swift, barium 

and strontium concentrations were above Swift et al’s upper limits and 

concentrations of calcium, cerium, lanthanum, rubidium, zirconium and neodymium 

were all well below the ranges they reported, with rubidium, neodymium and cerium 

were at concentrations approaching the detection limit of the technique and 

certainly below or close to 1ppm.  This again can be attributed to the fact that the 

recent and historical samples (TSD < 150 years) from this study had never been 

interred and therefore never exposed to ion exchange with the soil.  Nevertheless, 

in no case was a general relationship of trace element concentration with TSD in 

the present study different from that obtained by Swift et al.  If considered as one 

set of combined results, the present study and Swift’s57 together confirmed a 

significant variation in the concentration of the trace elements with TSD for all 

elements except barium, lanthanum, zinc and zirconium. This trend is strange in 

that the two studies compare uninterred and interred bones. The implication of this 

observation is that significant diagenetic activity does not take place, at least for 

material interred up to 77 years (Swift et al.). Consequently, this observation must 

be checked with reference to more ancient historical and recent archaeological 

material. In addition it will be necessary to identify migration rates of specific 

elements into the bone as a means to possibly relating these rates to TSD.  

Interestingly, the concentrations of lead, strontium, zinc and zirconium increase as 

TSD increases, while that of calcium decreases.  Swift’s data taken alone revealed 

significant relationships between trace element concentrations and TSD in the 

cases of lead and strontium alone.  These changes in trace element concentration 

are as expected.  As the bone ages it loses its matrix, which is comprised primarily 

of calcium.  As calcium leaches from bone, other elements that have a similar ionic 

radius to calcium such as lead and strontium will replace it within the matrix.   
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Taken together, Swift’s and the present study results suggest there is a consistent 

change in the trace element signature of bone with TSD.  These differences in trace 

element concentrations could result from a number of factors beside the uptake of 

trace elements from soil into bone, including uptake and loss during life, burial 

regimes, contamination during processing and differing analytical techniques.  

While contamination could conceivably have occurred during the sample 

preparation in this study, when the samples were ground into powder using a steel 

mechanical grinder, the anticipated contaminants would include manganese, iron 

and chromium, which were not assayed in either study.  As to differences in the 

analytical techniques used in the two studies, Swift et al.56,57 used flame atomic 

absorption spectroscopy, x-ray fluorescence, and graphite furnace atomic 

absorption spectroscopy to measure trace element concentrations whereas the 

current study used ICP-MS as a more modern, sensitive, multi-element technique. 

Radionuclides and trace elements enter the body through dietary intake (ingestion 

of food and water, decay of ingested radionuclides) and occupational exposure 

(inhalation and skin contact).  The uptake of the trace elements and radionuclides 

varies from region to region with individual dietary intake, such as consumption of 

seafood and occupational exposure, such as smoking or uranium mining.75,104-106  

Once in the body, each radionuclide or trace element is concentrated in certain 

types of tissue.  For example, lead, barium and strontium are all found in greatest 

concentrations in the bone but also accumulate in the liver, red blood cells, and 

other soft tissues.79  Each element stays in the body for a certain amount of time 

depending on its biokenetics and affinity for the tissue type.107,108  Nothing is known 

of the differences of dietary intake of radionuclides and trace elements between the 

subjects of this and Swift et al.56,57 studies or of the relative magnitude of the 

influence of dietary uptake compared with diagenetic effects.  The influence of such 

factors could be teased out in animal experiments where diet is known or can be 

controlled. 

This study indicated that there was potential to use patterns of trace element 

concentrations to determine the era from which bones originated, whether these 

differences reflect the influence of time, circumstance or the interaction of the two.  

The skeletal remains from the historical and recent eras, for all cases except 

rubidium and lead have greater concentrations of trace elements in the historical 

than recent period.  The archaeological data also fits into this trend, being higher 
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than the historical samples, but as has already been pointed out caution needs to 

be taken in the interpretation of these trends as the archaeological samples alone 

had been subjected to the effects of prolonged diagenesis and were derived from 

individuals living in quite a different environment.  The greatest distinction between 

bones from the historical and recent eras was the concentrations of lead, zirconium, 

zinc and calcium. 

The observation that all trace element concentrations except those of lanthanum 

and strontium were significantly higher in bones from the archaeological era than in 

those from the historical and recent eras may be explained by their origin in soil that 

had been derived from volcanic ash.  Trace elements reported to be found in 

volcanic ash include barium, boron, cerium, cadmium, chromium, copper, fluorine, 

lanthanum, lead, nickel, neodymium, rubidium, strontium and zinc which may be 

selectively concentrated in organic pockets in the soil following dissolution by 

rain.109,110 

The finding of higher trace lead levels in bones from the historical period than in 

those from either more recent or archaeological times corroborated previous 

observations by Swift et al.56,57 and other authors.111-113  Higher levels of incidental 

lead ingestion from sources such as lead plumbing, cutlery, crockery and paints 

common until the 1930‟s provides the most likely explanation.114  That is, it is 

easier to make an argument for the separation between eras having arisen from 

environmental rather than decay factors or diagenesis. 

Based on the trends found in this study, the use of trace element concentrations in 

bone, in particular calcium, lead, strontium and zirconium, could be a useful means 

of sorting bones into eras if a relatively quick screening test is needed to estimate 

TSD.  However, while no single element differed systematically with TSD across 

historical and recent eras in this study, there is a much stronger relationship in this 

aspect when all elements are considered together.   

There is a suggestion from results for both trace element and radionuclide analyses 

in this study that the anatomical source of bones is variously affected by changes 

over time, but the extremely small number of bones of different types from the 

same era precluded a confident conclusion that such is the case, particularly as the 

different types of bone in the study were not derived from the same individual. 

There were indications, that the femur had higher concentrations of all trace 
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elements except zinc, rubidium, cerium and calcium in the archaeological era, while 

in the recent era, the skull tended to have the higher trace element concentration 

except in the cases of zinc and calcium. The tentative patterns that emerged from 

the trace element results are as would be expected, as the femur has a slow 

turnover rate and thus concentrations in the bone remain higher for a longer period, 

especially for those elements that bind to the hydroxyapatite matrix, such as lead, 

barium and strontium.    

Having a greater variety of bone types from the same individuals to test would have 

been beneficial, as in the forensic context you cannot always choose the bones to 

work with.   

Regression and discriminant analyses also established that it was possible to 

separate bones by the eras from which they were derived using alpha activity 

concentrations.  Radium-226 and 210Po activity concentrations were the greatest 

influences upon the separation of bones from the archaeological, historical, recent 

and very recent specimens, while 226Ra activity concentration was the greatest 

influences upon the separation of the historical, recent and very recent specimens. 

Again, the very limited sample size, especially in the case of the skull, prevented the 

formal analysis of differences in activity concentrations of the individual 

radionuclides assayed between different bones, but again there were indications 

that differences between bones as well as region of origin, residence and lifestyle 

should be taken into account in forensic estimates of TSD. 

The activity concentrations of the majority of the gamma radionuclide samples in 

bone in this study were below the lowest limit of detection, just as Swift57 had 

observed.  It is interesting to note that despite the most recently deceased of the 

individuals in this study living in South Australia during the period of atomic bomb 

tests in the 1950s and 1960s, no evidence of a spike in 137Cs activity 

concentrations in their bones could be detected. 

As far as they could be compared, the activity concentration of the alpha 

radionuclides in bone in this study were consistent with those reported by Swift et 

al.’s57 analysis of bone from Portugal.  The slightly higher 210Po activity 

concentrations observed in this study could be due to the fact that Swift et al.57 

ashed their materials, which can lead to the loss of polonium, which is highly 

volatile over 70°C, whereas this study did not ash the skeletal material.  
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The overall pattern of the activity concentrations of the alpha-emitting radionuclides 

were as expected based on the elements‟ half-lives and relationships in the decay 

chain.  Activity concentrations for 226Ra and 210Po increased over the historical to 

very recent eras but, along with 238U, were significantly greater in bones from the 

archaeological period, as Swift suggested they would be.  Swift et al’s.57 explanation 

for this phenomenon arose from the assumption of diagenetic uptake of 

radionuclides from soil over a sustained period.  Such an explanation could only 

relate to the findings in this study pertaining to the archaeological samples, as none 

of samples from more recent times had been interred.  The archaeological samples 

in this study, from La Velilla and Valladolid had been interred in soil with a high 

concentration of volcanic ash which is known to contain radioactive elements, 

including the alpha emitting radionuclides of interest.115,116 

Again, some difficulty was encountered in comparing the data from this study with 

that from the study by Swift et al.57  Swift’s study covered a limited range of years 

since death, and did not include anything from the archaeological or very recent 

eras.  All but five of this study‟s samples fell outside Swift’s time range. 

The correlations between trace element concentrations and radionuclide activities 

in this study were not completely consistent with those from Swift et al.56,57  Of the 

twenty three significant correlations that Swift found, only four were matched in this 

study; 238U with 210Po, cerium with lanthanum, cerium with neodymium and 

lanthanum with strontium.  Differences between this and Swift’s study in the 

relationship of concentrations of trace elements to one another and to radionuclide 

activities could relate to the different post-mortem histories of the samples – the 

historical, recent and very recent bone samples from the present study had never 

been interred in the earth.   

Another possible reason for the difference could lie in the fact that this study used 

two types of bone, skull and femur, which could alter the concentration average, as 

trabeculae bone (femur) could be expected to retain greater concentrations of trace 

elements and radionuclides than the cortical bone (skull).  While the sample 

distribution of this study prevented a meaningful comparison of different types of 

bone (different bones having different degrees of representation at different time 

points), there were indications that this issue is worthy of further pursuit in a more 

detailed study. Another possibility is that the differences reflect simple sampling 

effects – neither study employed large samples.  All these possibilities could be 
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resolved by undertaking a new study that directly addresses the limitations of this 

and Swift’s studies. 

Trace element concentrations in the present study did not show any statistically 

significant relationships with the year of death of the individuals from which bone 

samples were drawn.  It should be borne in mind, however, that with only six post-

archaeological time points at which meaningful comparisons could be made, 

statistically significant relationships were unlikely for any but the most powerful of 

associations. Some trends, consistent with significant relationships demonstrable 

from Swift et al‟s data, were seen.  Again, further studies with more time points and 

more samples at each time point could address this possibility.  

The significant linear relationship between TSD and alpha radionuclide activity 

across the historical, recent and very recent eras suggests that it is possible to 

estimate TSD by considering alpha radionuclide activity concentrations.  When the 

results of measured 210Po activity concentration from this study were combined with 

Swift’s and a regression analysis was performed an interesting result emerged.  The 

data showed there was a significant relationship with year of death for both sets of 

data, but the angles of the slopes for each study were significantly different, as they 

had been in several cases in the trace element analysis.  These differences indicate 

that context (where bones originate) is important and that both studies could lead 

to good predictions of TSD by using the measured radionuclide activity 

concentrations, but on the basis of calibrations to local conditions.  There was no  

significance in the relationship between 210Po values decay corrected to TSD and 

year of death from this or Swift et al’s57 study, nor from the two combined.  It is 

interesting to note that Swift’s original measured values for the alpha radionuclides 

(238U, 226Ra and 210Po), actually give a much better regression to TSD than the 

decay corrected values he proposes as the basis for dating.  In addition, the results 

indicated no change in 210Po concentrations between 1920 and 1960.  

5.1 Limitations and further studies 

The greatest limiting factor of this study was the sample size; the present study 

being based on investigations involving eleven samples with an uneven 

representation of bone types from the different eras. This made detecting 

significant difference or associations impossible in some cases.  It also precluded 

adjustment of data to minimise the effects of outliers, such as is achieved by 



 

- 65 - 

Winsorization.  However, the results displayed trends and patterns that indicated 

that it should be possible to estimate TSD from radionuclide activity and, perhaps, 

the trace element profile of bones, but that great care must be taken with 

standardisation of the type of bone used in testing and calibration to local 

conditions.   

Not knowing the history of the individuals from which the bone samples originated, 

i.e. whether they were immigrants to Australia; how long they had lived in Australia; 

what their dietary intake of the radionuclides of interest was; and whether they had 

been exposed to other sources of radionuclides such as smoking and occupational 

related products, presented another limitation to interpreting the study data.  As 

pointed out by Swift et al.56,57 all these factors could alter the activities of 

radionuclides as well as trace element concentrations. 

This study has produced a number of findings worthy of further investigation.  

Studies with a larger sample size, systematic control or testing of the relative 

influences of bone type, dietary and lifestyle factors and regional diagenetic 

variations are warranted.  In the future, it may be worth exploring changes in the 

ratio of elemental concentrations between bones over time, as the data suggests 

that the ratios of concentrations of any one element in skull and femur change over 

time and could provide estimates of TSD.  As there were very few skull samples 

analysed in this study and even fewer cases in which skull and femur samples from 

the same time point were available, it was difficult to determine if there was a 

significant effect of bone type for trace element or radionuclide levels.  The 

consistency of the differences which were seen suggests that this issue should be 

further investigated with larger samples.  A wide variety of bones need to be 

analysed, as the forensic scientist is not always guaranteed access to the bone of 

choice, but limited to the bones available.  Standards, therefore, need to be 

determined for each different bone type. 

Although this current study has built on the foundation work by Swift et al.56,57  

there are still many aspects that have not been examined and many findings that 

need further examination.  The major problem that needs to be addressed in future 

studies is that of sample size, to allow for the detection of significant patterns and 

associations.  Future studies also need to focus on the influences of soil 

characteristics on diagenesis; the influence of leaching by exposure of bones to 

water; and the influence of bone composition and bone form on retention and loss 
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of trace elements.  This author intends on addressing these problems and others by 

completing a much larger study which will hopefully result in a PhD dissertation.  
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6 Conclusion and recommendations 

While no definitive conclusions can be drawn from this work, a number of implied 

conclusions can be made. The results of this study lend support to suggestions that 

multivariate consideration of trace element concentrations and radionuclide activity 

levels can potentially aid in the estimation of TSD using skeletal remains.  The 

present study was undertaken using an extremely small sample cohort. However, it 

did indicate the need to take into account variations arising from lifetime activities, 

diagenesis and bone type.  It  also highlights the great need for a large-scale study, 

which systematically examines these influences in bone 210Po, 210Pb and 226Ra 

activity and trace element concentrations in bones of known ages ranging from the 

very recent through to archaeological times.   

The gaps in the knowledge could be addressed by future research that focuses on 

determining the influence of; 

 soil characteristics on diagenesis by comparing bone interred in three types 

of soils; open savannah, calcareous damp forest and sand dunes 

 leaching by exposure of bones to soaking and running water  

 bone composition by comparing cortical versus trabecular bone or from long 

bones   

 bone form by comparing irregular, long, and flat bones of known surface 

area 

 dietary and other lifestyle influences on uptake 
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Appendix 1  

Methodology for alpha spectrometry sample 

preparation  

Radium-226  

Source: Medley, P.  & Bollhöfer, A. (2006)97 

1. Weigh ~3 g of the bone sample 

2. Add ~2 mL of 133Ba tracer #14 (or a suitable 133Ba tracer for use in the BaSO4 

method – described in IR50182) 

3. Add 5 mL conc. HNO3, heat to ~140°C 

4. Add 2.5 mL of H2O2 (30%) in 0.2 mL aliquots, waiting for the foaming to subside 

between addition of aliquots. 

5. Repeat step 4 every 30 minutes for 4 hours. 

6. Evaporate the solution to ~0.5 mL, then add 1 mL conc. HNO3 and 1 mL HClO4 

7. Return the solution to 140°C, continue heating for 4 hours. Add an extra 1 mL 

conc. HNO3 and 1 mL HClO4 when necessary to prevent the solution from drying 

out. 

8. Evaporate the solution to ~0.5 mL, add 1–2 mL conc. HNO3 

9. Repeat step 8 until all HClO4 has been removed (there should be no heavy white 

fumes coming off) 

10. Add ~30 mL of conc. HNO3, then split the sample into 3 equal sub-samples. 

Perform the following steps on each sub-sample. 

11. Evaporate to ~0.5 mL, add 20 mL 2% HNO3, then 10 mL 20% Na2SO4, then 0.2 

mL Ba carrier solution then 4 mL H2SO4 

12. Centrifuge, wash and re-precipitate each sub-sample (follow steps 8–18 in 

IR50182), using only 0.2 mL of Ba seeding solution in step 18 

13. When depositing the samples (steps 18–24 in IR50182), all 3 sub-samples 

should be combined and filtered through the same filter paper. 

14. Gamma counting, alpha counting for chemical recovery and 226Ra determination 

are performed, according to section A1.7 in IR50182 
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Uranium-238 and polonium-210 

Source: Medley, P.  & Bollhöfer, A. (2006)97 

1. Weigh ~5 g of sample and record weight 

2. Add 15–25 mBq of U-232 #9 & Po-209 #15 radiotracer solutions 

3. Add 10 mL conc. HNO3, heat to 70°C 

a. Note, for 210Po analysis the sample must be kept at, or below this 

temperature at all stages throughout the procedure 2. 

4. Add 2 mL of 30% H2O2 in 0.2 mL aliquots, waiting for the foaming to subside 

between addition of each aliquot 

5. Step 3 is repeated every 30 minutes for ~6 hours; conc. HNO3 is added when 

necessary to prevent the solution from drying out 

6. Evaporate the sample to dryness, repeat steps 3–5 once. 

7. Evaporate the sample to dryness, add 5–25 mL concentrated HNO3 

a. This varies according to initial sample mass, add enough to ensure 

complete dissolution of soluble material 

8. Gently heat for 30 minutes, add an equal volume of Milli-Q, then filter through a 

0.1 mm polypropylene filter paper (the filtration apparatus used is the same as 

used for mounting samples for 226Ra deposition, described in IR50182) 

a. There may be a small amount of oily material at this stage, if so it should 

be collected with the particulate matter and sent for further digestion 

9. After collection of the filtrate, remove the residue and allow to dry 

10. Send the residue for a HNO3/HF digestion externally (method DHF-001) 

11. Combine the 2 digest solutions when digestion is complete 

12. Add concentrated NH3 until a white precipitate forms 

13. Allow the precipitate to settle, then decant the supernatant 

14. Wash the remaining precipitate in to a 60 mL centrifuge tube, centrifuge at 

3500 rpm for 5 minutes 

a. If more precipitate remains to be washed into the centrifuge, continue to 

repeat step 14 until all of the precipitate is packed onto the bottom of 

the centrifuge tube 

15. Add 5 M HCl, vortex to dissolve. Continue adding until residue is completely 

dissolved 

16. Separate into 20 mL portions for DDTC/CHCl3 separation, then combine the 

extracts before deposition (section 5.3 in SSR18081). 

17. Evaporate the aqueous portion to dryness after Po separation. 
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18. Dissolve in 8 M HNO3. Continue adding until residue is completely dissolved 

19. Separate into 20 mL portions for TBP separation, then combine the extracts 

before deposition (section 7.3 in SSR18081). 

20. Count in an alpha spectrometer and analyse using methods described in 

SSR18081. 
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Appendix 2  

Results from three separate ICP-MS analyses 
 

Sample ID  Zinc  Rubidium Strontium Zirconium Barium 

 SS1 SS2 BCS SS1 SS2 BCS SS1 SS2 BCS SS1 SS2 BCS SS1 SS2 BCS 

S01.D 241 237 251 1.8 1.9 2.8 205 241 360 9 13 10.4 48 54 64.4 

S02.D 175 177 145 3.9 4.4 5.0 746 765 922 15 9 8.3 120 133 137 

S03.D 110 110 91.9 0.3 0.3 0.5 200 226 271 12 9 8.0 13 13 14.9 

S04.D 125 120 98.5 0.2 0.1 0.3 145 165 194 7 4 1.6 10 11 12.8 

S05.D 244 236 174 0.3 0.2 0.4 145 168 175 6 3 0.9 17 19 18.2 

S06.D 112 110 77.4 0.8 0.9 1.0 110 129 138 4 3 0.0 8 9 8.8 

S07.D 93 90 62.3 0.2 0.1 0.2 113 129 129 5 3 0.0 7 8 7.7 

S08.D 124 127 82.1 0.4 0.3 0.5 128 146 147 4 3 0.0 12 15 12.7 

STSD-2.D 242 237 149 90 102 94.8 411 413 423 170 177 177.0 493 536 464 

              

Sample ID Lanthanum Cerium Neodymium Lead    

 SS1 SS2 BCS SS1 SS2 BCS SS1 SS2 BCS SS1 SS2 BCS    

S01.D 4.3 4.1 6.0 2.6 3.1 3.3 1.6 1.5 2.1 4 8 7.9    

S02.D 47.8 45.4 57.1 2.8 2.6 3.0 1.2 1.1 1.7 21 30 27.4    

S03.D 3.3 2.6 3.2 0.3 0.2 0.1 0.1 0.1 0.4 60 68 63.5    

S04.D 0.9 0.7 0.9 0.2 0.2 0.1 0.1 0.0 0.3 42 50 46.2    

S05.D 0.8 0.6 0.8 0.2 0.2 0.1 0.1 0.0 0.3 59 66 59.1    

S06.D 1.3 1.0 1.2 0.2 0.1 0.0 0.1 0.1 0.3 25 33 29.9    

S07.D 0.8 0.7 0.7 0.2 0.2 0.0 0.1 0.1 0.3 26 34 29.7    

S08.D 1.3 1.1 1.2 0.2 0.2 0.1 0.1 0.1 0.3 37 45 37.9    

STSD-2.D 61.1 58.5 59.5 87.7 84.3 87.3 43.4 42.9 41.9 72 70 59.4    
 

* SS1 = School of Earth and Geographical Sciences (Soil Science); SS2 = School of Earth and Geographical Sciences (Soil Science); BCS = School of Biomedical, Bimolecular 

and Chemical Sciences 

Concentrations are mg/kg 
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Appendix 3  

Correlations with archaeological data 
 

Ba 1.000               

Ce 0.887 1.000              

La 0.958 0.730 1.000             

Nd 0.774 0.977 0.575 1.000            

Pb -0.434 -0.687 -0.284 -0.706 1.000           

Rb 0.981 0.903 0.933 0.798 -0.549 1.000          

Sr 0.968 0.757 0.995 0.613 -0.256 0.933 1.000         

Zn 0.397 0.555 0.176 0.614 -0.188 0.359 0.224 1.000        

Zr 0.773 0.689 0.755 0.636 -0.056 0.720 0.812 0.247 1.000       

210Po 0.990 0.851 0.976 0.722 -0.459 0.986 0.974 0.287 0.735 1.000      

226Ra 0.989 0.895 0.948 0.784 -0.518 0.991 0.950 0.339 0.730 0.993 1.000     

238U 0.963 0.742 0.997 0.588 -0.307 0.935 0.991 0.197 0.736 0.980 0.956 1.000    

log10TSD 0.605 0.890 0.371 0.964 -0.663 0.638 0.422 0.673 0.554 0.536 0.616 0.386 1.000   

TSD (yrs) 0.279 0.688 0.007 0.821 -0.702 0.334 0.052 0.613 0.220 0.208 0.303 0.025 0.912 1.000  

CaWt% 0.646 0.909 0.420 0.955 -0.772 0.666 0.453 0.620 0.441 0.591 0.670 0.450 0.944 0.877 1.000 

  Ba Ce La Nd Pb Rb Sr Zn Zr 210Po 226Ra 238U log10TSD TSD (yrs) CaWt% 

Bold numbers denote significant finding at the p= 0.05 level or greater; All trace elements were measured in mg/kg 
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Appendix 4  

Correlations without archaeological data 
Ba 1.000               

Ce 0.588 1.000              

La 0.161 0.612 1.000             

Nd 0.484 0.84 0.712 1.000            

Pb 0.872 0.815 0.484 0.848 1.000           

Rb -0.315 -0.657 0.08 -0.378 -0.412 1.000          

Sr 0.538 0.898 0.821 0.965 0.858 -0.347 1.000         

Zn 0.833 0.122 -0.3 0.158 0.601 -0.141 0.112 1.000        

Zr 0.334 0.798 0.834 0.967 0.741 -0.303 0.961 -0.034 1.000       

210Po -0.437 -0.558 0.002 -0.596 -0.622 0.797 -0.479 -0.421 -0.51 1.000      

226Ra -0.284 -0.289 -0.113 -0.314 -0.385 0.512 -0.301 -0.265 -0.367 0.752 1.000     

238U 0.03 0.391 -0.15 0.294 0.159 -0.475 0.181 -0.041 0.138 -0.245 0.422 1.000    

log10TSD 0.349 0.426 0.389 0.818 0.668 -0.068 0.668 0.327 0.726 -0.507 -0.127 0.321 1.000   

TSD (yrs) 0.389 0.519 0.454 0.873 0.721 -0.127 0.74 0.308 0.784 -0.528 -0.141 0.346 0.994 1.000  

CaWt% -0.099 0.032 -0.663 -0.209 -0.182 -0.591 -0.321 0.042 -0.359 -0.275 0.205 0.778 -0.146 -0.146 1.000 

  Ba Ce La Nd Pb Rb Sr Zn Zr 210Po 226Ra 238U log10TSD TSD (yrs) CaWt% 

Bold numbers denote significant finding at the p= 0.05 level or greater; All trace elements were measured in mg/kg 


