
The themes of human migration and population movement
underpin current Australian and global political discourse. The
birth origin of an individual was often integral to their
consequent place in society, and is a theme that forms a central
attribute of many historical assessments, notably social
assessments with a focus on individuals, their lifelong
activities, and places of residence. In death, the story normally
ends because the graves of most early colonial migrants are in
unmarked locations within the earliest Australian historical
period cemeteries. The early colonial skeletons exhumed from
burial grounds, such as that in Sydney beneath the Town Hall,
are thus often unnamed and generally indistinguishable from
one another. Skeletal morphological analysis provides insight
into some aspects – height, gender, perhaps disease and in
some rare cases the reason for death – but provides a limited
basis for understanding who the individuals were, where they
came from, whether they were born in Sydney or migrated
from Britain, Ireland or further afield. 

Isotope analysis provides an avenue for investigation of
such facets. It is classically employed as an archaeological
science to investigate past human diet, but has demonstrated
ability to further an understanding of human territoriality and
migration. Australian stable isotope research has generally
been used to address past dietary composition of Aboriginal
populations and the move to semi-sedentism among late
Holocene Aboriginal populations (Owen 2004; Owen and Pate
2014; Pate 1994; Pate 1997, 2008; Pate and Noble 2000; Pate
and Owen 2014; Pate and Schoeninger 1993; Pate et al. 2002,
Pate et al. 2011). Based on geographical dietary differences,
stable isotope analysis has assisted in the repatriation of
Australian Aboriginal ancestral remains (Pate et al. 2002).
Stable isotope research into historical period non-Aboriginal
skeletal populations has provided a contribution in terms of
establishing local dietary patterns, notably contrasting, and
supplementing the historical record (Pate and Anson 2012). 

Population movement and migration is recognised as an
integral component of the framework for heritage assessment
(Commonwealth of Australia 2001). Yet to be realised is the
potential for Australian historical period stable and radiogenic
isotope analysis to yield information on human population

movement or the dietary variability resultant between contin-
ents, countries or Australian colonies and states. 

Outside Australia studies have examined population
movement through stable and radiogenic isotopes (e.g. Larsen
1997; Loftus and Sealy 2012; Marsteller et al. 2017; Sealy et
al. 1991). Studies of nineteenth-century cemetery populations
in England and Ireland have demonstrated clear patterns of
migration from Ireland to London in the mid nineteenth
century (Beaumont et al. 2013), and discernible differences
between the Irish, London (Catholic against non-Catholic) and
Midlands diets (Beaumont et al. 2013; Nitsch et al. 2011;
Trickett 2006). These studies have highlighted the restricted
nature of food movement and the potential for isotope studies
to imply the origins of individual burials. 

However, isotope research has not been undertaken on an
early Australian historical period population to ascertain
whether population movement, such as migration from Britain
and Ireland to Australia, is observable through remnant
components of skeletal material. This study aims to investigate
the potential of early European Australian skeletal material to
provide some insight into the birth origins of individuals.
Where possible, investigation has attempted to resolve the
geographic origins within Britain. These avenues of
investigation provide a means of furthering historical research
into an individual post mortem, and may prove important to
future studies, where information on origins may be vital to
the significance of a place or single burial. 

THE OLD SYDNEY BURIAL GROUND
The Old Sydney Burial Ground (OSBG) was the first official
cemetery in Sydney, operating as the primary place for
interments from September 1792 until its closure in January
1820 (Birmingham and Liston 1976:2; Collins 1798:232;
Murray 2016:20-22; Pitt et al. 2017, this volume; Sydney
Gazette 5 Feb. 1820:3). Located on the present site of the
Sydney Town Hall and surrounding precincts (Figure 1),
historical records indicate that at least 2361 people were
buried on the site (City of Sydney 2008), although the actual
total is likely to have been higher due to periods of poor
record-keeping.

The significance of OSBG for isotope analysis is that it
was one of the colony’s first and Sydney’s primary cemetery,
with interments representing all parts of settler society –
including convicts and former convicts, members of the
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military, government officials and free settlers (City of Sydney
2008; Pitt et al. 2017). The short period of use means the
‘sample base’ is restricted in terms of the origins of
individuals, as migration to Australia during the cemetery’s
period of operation was primarily from Britain and Ireland
(acknowledging other possible origins from European nations
or British colonies). 

The process of early Australian colonisation was
geographically restricted, including around Sydney. The
distance between the earliest major settlements was large and
perishable items such as food (or the deceased) were not
transported easily (given the absence of refrigeration or rapid
transport). Therefore, it is assumed that most burials in the
OSBG were individuals inhabiting Sydney (albeit for an
unknown period). The limited period of interment in OSBG
means if an individual was born in Sydney, and consequently
buried in the OSBG, they cannot be over the age of 32 years. 

Precise early population numbers for the various
Australian centres are difficult to determine. The population in
NSW grew slowly between 1788 and 1820. Analysis of NSW
births and total NSW population data suggest that by 1820 the
total NSW population was 33,543 individuals (Vamplew 1987:
4, 24, 44); this contrasts with the 1822 Colonial Secretary
records, which cite a NSW population of 24,188, of which
2,336 lived outside ‘greater’ Sydney (Colonial Secretary 1822:
133). Analysis of data from Vamplew (1987) suggests that
between 1788 and 1820, a total of 4,286 births and 5,632
deaths were recorded in NSW. The assumptions for this study
are that all OSBG burials are of individuals who lived in
Sydney immediately prior to death and consumed a diet of
food grown in Sydney. 

ISOTOPE ANALYSIS 
This study examines samples collected during the 1991 and
2008 archaeological investigations on the site. The 1991
investigations recorded seven graves. The 2008
investigation identified 68 graves, out of which
33 appeared to have been exhumed previously,
12 had not been exhumed and 23 for which the
excavators were uncertain whether they had been
exhumed (Lowe & Mackay 1992; Pitt et al.
2017). 

This research has involved the analysis of
oxygen and strontium isotopes from tooth enamel
for ten OSBG interments. A brief overview of the
methods and baseline comparison is provided; a
more extensive review and explanation of the
project’s methods is provided in Casey & Lowe
2007 (Vol 2, section 8.4). 

Radiogenic strontium isotopes
Strontium is a naturally occurring earth element
present in all bedrock, plants and animals; it has
no essential human biological function (Price 
et al. 1994). The strontium ratios in plants and
water reflect the geology of the local habitat
(Evans et al. 2010). Studies involving regional
sampling of bedrock, soil and plants have
established that strontium ratios are consistent
within a defined geological area (Hodell et al.
2004, Sealy et al. 1991). As strontium is not
fractionated as it moves up the food chain, the
ratios exhibited by plants, primary consumers,
and secondary consumers do not change between
trophic levels. 

In humans, the ratio of the two radiogenic isotopes,
87Sr/86Sr, is dependent on the ratio of all strontium ingested
during the ages at which human tissue is formed (Wright
2005). Strontium ratios in the enamel of human teeth are fixed
during the first 12 years of life and do not appreciably alter
during later life (Hodell et al. 2004; Larsen 1997:288–289;
Wright 2005). Therefore, the food and groundwater ingested in
early human life defines the strontium ratio in tooth enamel –
this ratio does not change, irrespective of food and water
ingested later in life. If the strontium ratio is contrasted
between a tooth enamel sample and the local geological
regime of the burial site, a simple inference may be drawn
between birth and death location. The ratio may describe
whether the sample is from an individual who migrated to, or
was born in, the location of their eventual death and burial. 

Food security was of paramount importance from the first
years of the New South Wales settlement; the earliest
government farms providing large volumes of food were
established at Rose Hill, Parramatta, Toongabbie (all inland,
away from the coast) and slowly spread outwards across the
Cumberland Plain (Kass et al. 1996). The underlying geology
associated with Sydney and the locations of the food-
producing farms is sandstone and shale; a very small intrusion
of volcanic dolerite is located at Prospect Hill (Geological
Survey of NSW 1983). Self-sufficiency meant adequate food
could be grown in Sydney by the early colony – while the
majority of fresh food was sourced locally, some overseas
food was still likely consumed, such as salted meats. Between
1789 and 1820 Sydney’s aquifers and the foods grown for
local consumption were associated with sandstone and shale
geology. 

To determine the strontium values that should be exhibited
in the tooth enamel of individuals who were born and grew up
consuming a Sydney diet, it is necessary to establish the
baseline strontium value of the food-web. Foods grown on
Sydney’s geology should have a depleted strontium ratio of
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Figure 1: Location of the Old Sydney Burial Ground, Sydney.



>0.707, established from the value of Sydney’s porewater,
derived from the Ashfield shales (Williams and Carr 2005).
The only variation to Sydney’s geology is the young volcanic
rock, the Prospect Intrusion (with a very limited extent –
Prospect Hill), which has depleted strontium ratios of 0.7051
(Williams and Carr 2005). Had individuals been consuming a
seafood dependent diet, their strontium ratio would be
influenced by the value for seawater, which is uniform at
0.70923 (DePalolo and Ingram 1985). Sydney’s food
production areas were away from the coast and thus not
subject to the effects of sea spray. At the wider global level,
marine sedimentary rock (e.g. sandstone) has variable ratios
between 0.707 and 0.710, depending on the strontium ratios of
seawater at the time they were formed (Wright 2005). Given
the above, the local crops, animals and groundwater consumed
by the early inhabitants of Sydney should exhibit a strontium
ratio between 0.70700 and 0.70923. 

Strontium ratios based on the analysis of human tooth
enamel have been undertaken for locations across Britain
(Evans et al. 2010). Their mapping of strontium ratios presents
the strontium ratio data as eight graded ‘isotope packages’ –
distinct geographic bands determined with fine resolution
(0.001) between regions (Evans et al. 2010: Figure 1b). Brit-
ain’s geology provides strontium ratios between 0.707 and
0.720; two of the British strontium ratio bands cross over with
the strontium ratios associated with Sydney. 

This study has used the British gradations to contrast the
radiogenic strontium isotopes from the OSBG tooth enamel.
Simply, if an individual exhibits a strontium ratio of above
>0.709 it is inferred they were not born and raised in Sydney. 

Stable oxygen isotopes 
Stable oxygen isotopes are present in all water sources as the
stable isotopes 16O and 18O (δXO), represented in parts per
thousand (‰) relative to the international Standard Mean
Ocean Water (SMOW) or the Pee Dee Belemnite (PDB),
depending upon the type of oxygen extraction and analysis
undertaken. These two scales are not the same, although a
conversion from one scale to the other is possible. The method
for conversion is provided in Coplen et al. 1983 and not
repeated here. 

For humans, the dominant source of oxygen isotopes
within the body is derived from drinking water – in general the
ratio of oxygen isotopes in drinking water reflects the isotope
composition of rainwater (Cendon et al. 2013; Daux et al.
2008; Levinson et al. 1987; Longinelli 1984; Luz et al. 1984).
Long-term studies of groundwater oxygen isotopes have found
that there is a general trend for the oxygen isotope composition
of rainwater to become depleted in δ18O from the equator
towards the poles; in Europe, there is a depletion in δ18O
values from west to east, which includes a distinct isopleth
gradient across Britain and Ireland (Darling 2004: Figure 14;
Darling and Talbot 2003).

The determination of baseline oxygen δ18O values for any
specific location is not simple, because the oxygen isotopic
composition of rainfall varies inversely with rainfall amount
and is weakly influenced by temperature variations (Darling
2004, IAEA 2014, Treble et al. 2005). Further variation is
introduced by elevation, where high elevation areas have
depleted isotope values, and exhibit seasonal variation because
of seasonal temperature variations due to the altitude (Hughes
and Crawford 2013).

Recent studies involving stable oxygen isotopes from
human bone and tooth materials have been used to provide an

interpretation of human migration and mobility in prehistoric
groups (e.g. Dupras and Schwarcz 2001; White et al. 2000),
and in one instance the inference of non-English sailors on the
Mary Rose, Henry VIII’s warship, which sank in 1545
(Millard and Schroeder 2010). 

While appearing to offer an excellent method for inter-
preting patterns of human migration, the interpretation of
oxygen isotopes from the base dataset is complex, with
fractionation occurring between drinking water and the
signatures that are captured in bone collagen, apatite, enamel
carbonate and enamel phosphate (Daux et al. 2008; Luz et al.
1994; Martin et al. 2008; Millard and Schroeder 2010). The
mechanisms of oxygen isotope fractionation mean that the
relationships between values in enamel carbonate (δ18Ocarb),
enamel phosphate (δ18Ophos), drinking water (δ18Odw) or pre-
cipitation (δ18Opptn) cannot be equivocated (Millard and
Schroeder 2010 provide a detailed discussion of the main
issues). Matters are further complicated by potential enrich-
ment in enamel carbonate and enamel phosphate as a
consequence of breast feeding (Wright and Schwarcz 1998,
1999). This can affect the values exhibited in different teeth,
for instance the values may differ between the incisors,
canines, M1, and premolars and M2/M3 molars. The mean
enrichment between M1 and M3 cited by Wright and
Schwarcz (1998: Table 3) is +0.680‰.

This study undertook the analysis of stable oxygen isotope
from tooth enamel, through the extraction and analysis of CO2.
The laboratory analysis provided enamel carbonate oxygen
isotope values (δ18Ocarb) expressed relative to the Vienna Pee
Dee Belemnite (VPDB) standard. It is not possible to equate
these values against the published data for UK drinking water
(δ18Odw SMOW), and therefore a series of conversions was
performed following Bryant et al. (1996), Coplen et al. (1983),
Daux et al. (2008), Luz et al. (1994), Martin et al. (2008) and
Millard and Schroeder (2010). The uncertainties associated
with the conversion between the different standards in the
predicted drinking water value was ±0.73‰ (comparable to
that used by Millard and Schroeder 2010).

The IAEA (2014) provides baseline δ18Opptn for global
locations. The data is presented for specific locations and
includes some baseline data for Australia – unfortunately
Sydney (or NSW) is not one of the locations with available
long-term oxygen data. Three recent studies have provided
Amount Weighted Average (AWA) rainwater (precipitation)
δ18Opptn values for Sydney (Cendon et al. 2013; Crosbie et al.
2012: Table 3; Hughes and Crawford 2013). 

Studies have shown that considerable month to month
variation exists across the year. However, consideration of the
AWA provides some consistency in values that should be
comparable to data from human tooth enamel, given that
enamel forms over a period of years. Of key importance are
the differences between Britain, Ireland and Sydney δ18O‰.
The δ18Opptn values for Britain and Ireland (Darling 2004;
Darling and Talbot 2003) range between -8.5 and -5.0‰,
depleting west to east. Lucas Heights (Sydney) has a higher,
less depleted value of -4.5‰ ±0.21 (Hughes and Crawford
2013). 

Like strontium, the analysis of δ18O‰ values may provide
a means to differentiate between individuals born and raised in
Sydney and those whose origin was Britain or Ireland. 

Samples and methodology 
Ten teeth were sampled from individual burials available for
post-excavation analysis. Teeth samples appeared to be in a
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good condition and were selected by the project’s physical
anthropologist, Dr Denise Donlon. Only one tooth was
sampled from any one grave; to prevent ambiguity the sample
number corresponds directly to the grave number. Table 1
provides an overview of each individual sampled. Teeth
sampled were either premolars, M2 and M3, unless unavail-
able; in three instances canines were the only samples
available. It is acknowledged that canines may be subject to
elevated oxygen values because of enrichment; this has been
accounted for during subsequent analysis. 

Table 1: Individuals subject to stable isotope analysis.
Sample    Sex             Age           Tooth       Comments on burial con-
No.                                                sampled   text (orientation refers to
                                                                       the direction the head of
                                                                       the skeleton was facing)
14           Unknown    Adult         Molar       West-facing (head at east 
                                                   (M2)          end of coffin) and lying 
                                                                    immediately beside and 
                                                                    head to head with child 
                                                                    burial OSBG 12. The two 
                                                                    graves were possibly 
                                                                    related. 
24           Unknown    Adult         Premolar  East-facing (head at west 
                                                                    end of coffin)  
30           Unknown    Adult         Molar       East-facing (head at west 
                                                   (M3)          end of coffin)
32           Unknown    Adult         Canine      West-facing (head at east 
                                                                    end of coffin). 
34           Unknown    Adult         Molar       West-facing (head at east
                                                   (M3)          end of coffin).
35           Female       Adult         Premolar  East-facing (head at west 
                                                                    end of coffin)
37           Unknown    Adult         Premolar  East-facing (head at west 
                                                                    end of coffin)
50           Unknown    Adult         Canine      East-facing (head at west 
                                                                    end of coffin)
72           Female       Adult        Canine      East-facing (head at west 
                                  (possibly                    end of coffin)
                                  late adol-
                                   escent)
TH1991   Female       Adult         Molar       The tomb was east-facing 
Grave 2                                      (M3)          (head at west end of coffin; 
                                                                    Godden Mackay 1991; 
                                                                    Lowe & Mackay 1992).

Strontium tooth enamel isotope analysis 
Strontium isotope analysis on the tooth enamel was under-
taken at the Research School of Earth Sciences, Australian
National University (ANU). All extracted enamel samples
were leached in 5 per cent acetic acid for six hours. The sam-
ples were dissolved in concentrated HNO3 acid overnight on a
hot plate. Some samples had insoluble residues that were
centrifuged out. Strontium was extracted and concentrated
using Sr Spec ion exchange columns. A SRM 987 Sr standard
run during the session gave an 87Sr/86Sr ratio of 0.71025 ± 1
(2*s.e.). 

Carbon and oxygen tooth enamel isotope analysis 
Oxygen and carbon isotope analyses on the tooth enamel were
undertaken using an automated individual-carbonate reaction
(Kiel) device coupled with a Finnigan MAT 251 mass spectro-
meter at the Research School of Earth Sciences, ANU.
Approximately 4 mg of each powdered enamel sample was
reacted with 103 per cent H3PO4 at 90°C to liberate sufficient
CO2 for isotopic analysis. 

Calibration to the Vienna Pee Dee Belemnite (PDB) is
through National Bureau of Standards NBS-19. Enamel δ13C

results were normalised on the VPDB scale such that the NBS-
19 calcite standards yield δ13CVPDB values of +1.95‰ and
δ18OVPDB values of -2.2‰. 

Determining the potential origins of individuals
The potential birth and childhood origin for each sample was
assessed using bivariate strontium and oxygen analysis. For
individuals with a possible British or Irish birth and childhood
origin, bivariate GIS analysis was undertaken and potential
locations for origin and childhood assigned. A significant
spatial disjunction is present between the biosphere and
isopleth value maps for strontium and oxygen for Britain and
Ireland. The oxygen and strontium bands do not have the same
distributions and therefore bivariate analysis of strontium and
oxygen may provide resolution allowing further determination
regarding the origins of an individual. The published
biosphere and isopleth value maps were digitised in ArcGIS to
create a digital model for strontium and oxygen isotopes
(Figure 2) and used as the basis for the research into possible
non-Sydney origins.

ISOTOPE RESULTS AND INTERPRETATION 
Strontium isotopes
Strontium isotopes were successfully extracted from all ten
samples submitted for analysis. The results of the analysis are
summarised in Table 2 and Figure 3, with baseline data from
relevant water and geological contexts (as available). 
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Figure 2: δ18Opptn isopleth values map with 87Sr/86Sr biosphere map for
England, Scotland and Wales. (Based on data presented in Darling 2004
and Evans et al. 2010.)



Table 2: Radiogenic strontium isotope ratio results and
comparison data, ordered by strontium cluster.
Sample                    87Sr/86Sr    ± 2*s.e.     Possible             Strontium
No.                                                              origin                 cluster
OSBG 72A                 0.70886    0.00001    UK or Sydney             1
TH 1991 Grave 2A    0.70918    0.00002    UK or Sydney             1
OSBG 14A                 0.70923    0.00002    UK or Sydney             2
OSBG 24A                 0.70939    0.00001    UK or Sydney             2
OSBG 30A                 0.70973    0.00001    UK or Sydney             2
OSBG 32A                 0.70951    0.00002    UK or Sydney             2
OSBG 50A                 0.70937    0.00001    UK or Sydney             2
OSBG 34A                 0.71002    0.00003    UK, limited origins     3
OSBG 35A                 0.71046    0.00015    UK, limited origins      3
OSBG 37A                 0.71051    0.00002    UK, limited origins      3
Modern seawaterB    0.70923                                               
95% marine dietC      0.709295                                               
Hawkesbury Sand-   0.707 to
stone to Ashfield      0.710
Shale porewaterD                                                                  
Goulburn graniteE     0.711                                                     
A: this study; B: DePalolo 1985; C: Sealy et al. 1991; D: Williams and
Carr 2005; E: Shaw et al.1982

When contrasted against the baseline Australian data and
Britain strontium isotope packages, the OSBG strontium can
be described as three ‘clusters’: 
• Strontium Cluster 1  – indicative of Sydney sandstone and

shale bedrock, lower than modern seawater, the ratios are
between 0.70700 and 0.70923;

• Strontium Cluster 2 – above modern seawater, but not
representative of igneous or metamorphic rock geologies,
the ratios are between 0.70924 and 0.7100; and

• Strontium Cluster 3 – values potentially derived from a
location away from sedimentary rock, connected with
older geologies >0.7100.

The strontium results indicate that all individuals sampled
could have been born and raised in Britain – all the results
returned values within the British parameters (between 0.707
and 0.720). Seven of the individuals could have been born in
Sydney, as their results also returned values inside the Sydney
parameters (between 0.707 and 0.710). Three individuals
could not have been born in Sydney as their strontium values
were greater than 0.7100. 

Strontium Cluster 1 comprises samples from OSBG 72 and
TH 1991 Grave 2. These two samples presented a low 87Sr/86Sr
ratio that is analogous with consuming a diet derived from
produce grown on Sydney bedrock. OSBG 72 was possibly an
adolescent and thus more likely to have been born in Sydney.
Alternatively, the strontium ratios indicate that these two
individuals could have originated from the southeast of
England, near the cities of Cambridge, Norwich, northern
England near Hull or some limited locations in Scotland, west
of Glasgow to Dundee or the Isle of Mull (Figure 2). 

Strontium Cluster 2 contains five samples from OSBG 14,
24, 30, 32, and 50. These samples display strontium values
approximating seawater, synonymous with consuming land-
based foods from a younger geology, such as a volcanic group
or quaternary alluvium, or a very high percentage of marine
foods in the diet at an early age. It is most likely that the
ancestry of these individuals was British, although an origin
from Sydney is possible. The strontium biosphere map (Figure
2) indicates that the strontium band connected with these
samples has a wide geographic spread across the UK, from the
southwest to the northeast of England, some limited locations
in Wales and distinct wide bands in Scotland. A determination
of a British origin for these individuals may be further inferred
through bivariate analysis. In synopsis, cluster 2 individuals
could have been born in Sydney, although this is less likely
than those in cluster 1. 
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Figure 3: Results of radiogenic strontium isotope ratio analysis.



Strontium Cluster 3 comprises three samples, from OSBG
34, 35 and 37. These samples have an enriched level of
strontium. This is likely derived from groundwater associated
with older geologies such as granite. It is therefore most likely
that the ancestry of these individuals was British because
Australian colonisation in NSW did not extend onto the
granite geologies (Goulburn and the Monaro Plain) until after
1820. The strontium biosphere map indicates that this
strontium band has a small geographic extent – the graded
isotope package for the ratios 0.710–0.711 is the smallest of
those described in Britain (Figure 2). As such, GIS analysis
suggests an origin of southwest England (Cornwall),
northwest Wales, the northwest of England or location in
central Scotland. In conclusion, it is unlikely Strontium
Cluster 3 individuals were born in Sydney. 

Oxygen isotopes 
Stable oxygen isotopes were successfully extracted from nine
of the ten samples submitted for analysis; sample OSBG 35
was unsuccessful (Table 3). GIS analysis using the oxygen
isopleth map for Britain and Ireland (Figure 2) has allowed a
general description of possible origin. 

Samples OSBG 30, 50 and 72 were derived from canines
and therefore may be subject to enrichment from breast
feeding. OSBG 30 returned a value of -9.693, which is outside
the published range for Britain, Ireland and Sydney. It is
suggested OSBG 30 was not born or raised in Britain, Ireland
or Sydney. All the other individuals subject to oxygen analysis
returned values inside parameters for Britain and Ireland
(between -5.0 and -8.5). Comparison against the baseline data
for Sydney clearly demonstrates that none of the samples
returned stable oxygen isotope values analogous to the Sydney
values (-4.5‰ ± 0.21). 

The oxygen analysis therefore suggests an origin for one
individual (OSBG 30) outside the anticipated geographic
range of Sydney, Britain and Ireland, and further clarifies that
no individuals sampled originated from Sydney. 

Table 3: Stable oxygen isotope results with values converted
for comparison against drinking water.
Sample     δ18Ocarb   δ18Odw          Possible origin
No.             VPDB       SMOW          
                                   (converted) 
                                   ±2*s.e.          
TH 1991     -4.62         -7.238±0.01   Middle England to west Scotland 
Grave 2
OSBG 14    -5.12         -8.03±0.02     Northeast England to middle east 
                                                           Scotland
OSBG 24    -4.63         -7.25±0.01     Middle England to west Scotland
OSBG 30    -6.18         -9.69±0.01     Outside Sydney, Britain and 
                                                           Ireland 
OSBG 32    -4.43         -6.94±0.01     South England, east Wales to west 
                                                           Scotland, or central to NE Ireland
OSBG 34    -5.40         -8.47±0.08     Northeast England to middle east 
                                                           Scotland
OSBG 37    -5.30         -8.31±0.02     Northeast England to middle east 
                                                           Scotland
OSBG 50    -4.21         -6.59±0.01     South England, east Wales to west 
                                                           Scotland, or central to NE Ireland
OSBG 72    -4.01         -6.28±0.02     South England, west to middle 
                                                           Wales to west Scotland, or Ireland

Strontium and oxygen isotope – bivariate analysis 
The bivariate plot of radiogenic strontium against oxygen
isotopes provides some indication of the possible origins for
some OSBG burials (Figures 4, 5 and 6). Some clusters are
apparent in the data, perhaps reflective of individuals with a
common origin; OSBG 30 is located on the periphery of the
data range. 

Spatial GIS bivariate strontium and oxygen isotope
analysis clarifies the range of potential origins, beyond that
achievable through interpretation of each individual element.
The results of the GIS analysis are provided in Table 4; 
Figures 5 (OSBG 34) and 6 (OSBG 24) provide two examples
demonstrating the disparity in analysis of potential geographic
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Figure 4: Bivariate
plot of stable oxygen
isotope analysis
against radiogenic
strontium ratios.
Oxygen isotope results
were converted to
expected drinking
water values. OSBG
30 does not have
oxygen values
reflective of a British
or Australian origin. 



origin, using this approach. The GIS bivariate strontium and
oxygen plots were correlated with named larger towns and
cities inside each plot area. This yielded a list of most likely
locations for the origins of an individual. 

In some instances, when a bivariate strontium and oxygen
approach is applied, the description of origin presents a
restricted geographic range (Figure 5) – far greater than using

either strontium or oxygen alone. This is because, in some
instances, there is little correlation between the strontium
isotope packages and the oxygen isopleths; and when a sample
yields values with both a limited oxygen and strontium
‘extent’, the bivariate GIS results will also be limited.
However, for other samples a wide distribution of potential
geographic locations has been yielded (e.g. Figure 6). 
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Table 4: Interpretation of origins based on strontium ratios and oxygen stable isotopes. OSBG 35 based on strontium result only.
The order presented is based on the level of certainty relating to birth origin.
Sample No.    Potential country of origin, with possible towns or cities 
                       England                                                                        Wales                                   Scotland 
OSBG 34                                                                                                                                             Central uplands, e.g. around Pitlochry, Blair 
                                                                                                                                                            Atholl to Aberfeldy 
OSBG 37                                                                                                                                             Central uplands, e.g. around Pitlochry, Blair 
                                                                                                                                                            Atholl to Aberfeldy
OSBG 35        Possibly Millon or Plymouth                                           Possibly Bangor,                   Central uplands, e.g. around Pitlochry, Blair  
                                                                                                              Caernarfon or Llanberis        Atholl to Aberfeldy West Scotland (e.g. Rothersay)
OSBG 72        Dorchester or south Isle of Wight                                                                                Kinloch (Isle of Rum)
OSBG 14        Mansfield, Scunthorpe, Doncaster or York                                                                  Inverness or Perth
OSBG 50        Ramsey (Isle of Man), Taunton, Yeovil,                                                                       Rhyd-y-foel or Cardiff
                       Southampton or Eastbourne
OSBG 32        Wigton, Milnthorpe, Preston, Southport, London,         Denbigh                                 John o’Grotes, Halkirk, Strontian, Largs or Gretna
                       Bristol, Bath or Farnborough                                         
OSBG 24        Carlisle, Ingleton, Chester, Liverpool, Warrington,                                                      Wick, Paisley, Lanark or Gretna
                       Gloucester, Swindon, Oxford, Reading, Slough, 
                       London, Colchester or Ipswich                                                                                    
TH 1991         Carlisle, Ingleton, Chester, Liverpool, Warrington,                                                      Wick, Paisley, Lanark or Gretna
Grave 2          Gloucester, Swindon, Oxford, Reading, Slough, 
                       London, Colchester or Ipswich                                                                                    

Figure 6: GIS spatial bivariate analysis for OSBG 24, cross-correlating
the results from strontium and oxygen isotopes to show potential
locations of origin. Prepared by James Shepherd.

Figure 5: GIS spatial bivariate analysis for OSBG 34, cross-correlating
the results from strontium and oxygen isotopes to show potential
locations of origin. Prepared by James Shepherd.



OSBG 32, 50 and 72 were not further assessed because of
the combination of possible oxygen enrichment and the lack of
strontium ratio data for Ireland. 

Interpretation 
The strontium and oxygen bivariate analysis combined with a
GIS spatial approach proposes indicative geographic location
for the birth origin for some of the OSBG individuals. OSBG
34 and 37 may have been born and raised in the Scottish
Central uplands (Table 4 and Figure 5). The GIS bivariate
analysis yielded a very small potential area for the origin of
these two individuals – the towns associated with this area are
Pitlochry, Blair Atholl to Aberfeldy. OSBG 35 may also have
been born in the Scottish Central uplands, although a number
of other origins are possible (Table 4). The strontium analysis
placed all three individuals within the same cluster (cluster 3),
with an understanding that an origin of Sydney was not
possible. These individuals were all adults, two of unknown
sex and one female. The outcome of this identification
provides the basis for the commencement of further historical
research into the migration of people from this region to early
Sydney, and perhaps affords the future opportunity to identify
and name individual burials interred two centuries ago. 

The origin of OSBG 30 is tantalising, as it clearly does not
have an origin in Sydney, Australia, Britain or Ireland. An
obvious alternative option may be the British colonies, where
the oxygen results suggest an origin near the equator. The
information obtained from the isotopes provides the basis for
returning to reassess the morphological and burial remains.
Questions associated with the burial can be focused on the
individual’s morphological traits – are they synonymous with
a non-British or Irish skeleton? Were grave goods present that
suggested another origin? And are there historical records
indicating the presence of individuals born in British colonies? 

OSBG 14, 50 and 72 all present a relatively limited range
of possible birth and/or early childhood locations. 

Determination of the place of birth for OSBG 24, 32 and
TH 1991 Grave 2 was less successful, with a wide range of
birth origins for each of these individuals. 

CONCLUSIONS 
The results of this study demonstrate the opportunities and
interpretation that isotope analysis can add to the morpho-
logical analysis of human skeletal material. This study
suggests that for some individuals it may be possible to present
approximate geographic information relating to the origins of
birth and early childhood. The outcomes of the study provide
researchers with a basis for commencing new directions in
research – principally, in this case, the early historical
connection between locations near Blair Atholl and Sydney. If
early unmarked historical burials can be described to
approximate origin, it may be possible through additional
research to infer the identification of the person interred.  

The implications for population, cemetery and burial
studies are important. Analysis of origin could be linked to
significant changes in migration, population and demographic
research, and physical anthropology aspects such as gender,
stature, disease, diet and health studies. Should future investi-
gations identify individuals born in Sydney, rigorous investi-
gations into early childhood diseases could be undertaken, and
a physical contrast drawn between the standards of living at
the turn of the nineteenth century on either side of the world. 

The evidence obtained, from an undeniably small sample,
has provided a human context to the analysis of unmarked

graves, offering an insight into the potential origins of those
whose final resting place was the Old Sydney Burial Ground.
The study provides the context for isotope research into
dietary regimes and changes or differences in diet for those
who migrated to Sydney from Britain and Ireland.  

ACKNOWLEDGEMENTS
This project was assisted by a number of other researchers.
James Shepherd prepared the GIS mapping. Dr Denise Donlon
and Tony Lowe provided advice on suitable bone and tooth
samples. Dr Louise Sherwin prepared the tooth samples for
analysis. Dr  Russell Lain and Dr Bill Saunderson, forensic
odontologists, made casts of the teeth that were subsequently
used for isotope analysis. The City of Sydney provided
funding for the analysis of samples as part of the
archaeological project directed by Tony Lowe, Casey & Lowe.
Donald Pate, Wayne Johnson, Sophie Jennings, Sarah Trevor,
Nick Pitt and the peer reviewers are thanked for the time and
comments, which greatly assisted the editorial process. 

REFERENCES
BEAUMONT, J., J. GEBER, N. POWERS, A. WILSON, J.

LEE-THORP and J. MONTGOMERY 2013 ‘Victims and
Survivors: Stable Isotopes Used to Identify Migrants from
the Great Irish Famine to 19th Century London’, American
Journal of Physical Anthropology 150:87-98.

BIRMINGHAM, J. and C. LISTON 1976 Old Sydney Burial
Ground 1974 – Emergency Excavation in the City of
Sydney, Studies in Historical Archaeology No. 5, Aus-
tralian Society for Historical Archaeology, Sydney.

BRYANT, J.D., P.L. KOCH, P.N. FROELICH, W.J.
SHOWERS and B.J. GENNA 1996 ‘Oxygen Isotope
Partitioning Between Phosphate and Carbonate in
Mammalian Apatite’, Geochimica et Cosmochimica Acta
60:5145-5148. 

CASEY & LOWE 2007 Conservation Management Policy,
Human Skeletal Remains, Old Sydney Burial Ground,
Sydney Town Hall, unpublished report to City of Sydney
Council. 

CENDON, D.I., K. MEREDITH, C. HUGHES, S. HANKIN,
S. HOLLINS and M. MARKOWSKA 2013 ‘The Ground-
water Perspective: Broad Recharge and Palaeoclimatic
Variations in the Sydney Basin, Australia’, Groundwater 
& Global Palaeogroundwater Signals 2012-2013, News-
letter 1, 2013. 

CITY OF SYDNEY 2008 Old Sydney Burial Ground
Inventory of Burials, http://www.cityofsydney.nsw.gov.au/
__data/assets/excel_doc/0013/111352/Burial-inventory-
June08.xls, retrieved 17 May 2016.

COLLINS, D. 1798 An Account of the English Colony in New
South Wales [Volume 1], T. Cadell Jun. and W. Davies,
London. 

COLONIAL SECRETARY 1822 New South Wales, Return of
the Colony 1822. Item 4/251, fiche 438, State Archives
and Records NSW. 

COMMONWEALTH OF AUSTRALIA 2001 Australian
Historic Themes. A framework for use in heritage assess-
ment and management. Australian Heritage Commission,
Canberra. 

COPLEN, T.B., C. KENDALL and J. HOPLE 1983 ‘Com-
parison of Stable Isotope Reference Samples’, Nature
302:236-238.

CROSBIE, R., D. MORROW, R. CRESSWELL, F. LEANEY,
S. LAMONTAGNE and M. LEFOURNOUR 2012 New

31



Insights to the Chemical and Isotopic Composition of
Rainfall Across Australia, CSIRO Water for a Healthy
Country Flagship series, https://publications.csiro.au/rpr/
download?pid=csiro:EP125581&dsid=DS4, retrieved 25
February 2014.

DARLING, W.G. and J.C. TALBOT 2003 ‘The O & H Stable
Isotopic Composition of Fresh Waters in the British Isles:
1, Rainfall’, Hydrology and Earth System Sciences
7(2):163-181.

DARLING, W.G. 2004 ‘Hydrological Factors in the Inter-
pretation of Stable Isotopic Proxy Data Present and Past: 
A European Perspective’, Quaternary Science Reviews
23:743-770.

DAUX, V., C. LECUYER, M. A. HERAN, R. AMIOT, L.
SIMON, F. FOUREL, F. MARTINEAU, N. LYNNERUP,
H. REYCHLER and G. ESCARGUEL 2008 ‘Oxygen
Isotope Fractionation Between Human Phosphate and
Water Revisited’, Journal of Human Evolution 55:1138-
1147.

DEPALOLO, D.J. and B.L. INGRAM 1985 ‘High Resolution
Stratigraphy with Strontium Isotopes’, Science 227:
938-941. 

DUPRAS, T.L. and H.P. SCHWARCZ 2001 ‘Strangers in a
Strange Land: Stable Isotope Evidence for Human
Migration in the Dakhleh Oasis, Egypt’, Journal of
Archaeological Science 28:1199-1208.

EVANS, J.A., J. MONTGOMERY, G. WILDMAN and N.
BOULTON 2010 ‘Spatial Variations in Biosphere 87Sr/
86Sr in Britain’, Journal of Geological Society 167:1-4. 

GEOLOGICAL SURVEY OF NSW 1983 Sydney Geological
Series Sheet 9130 1:100 000 Edition 1. 

GODDEN MACKAY 1991 Old Sydney Burial Ground,
Sydney Town Hall, Archaeological Monitoring Excava-
tion, unpublished report for the Council of the City of
Sydney [and] the Heritage Council of NSW, 1991.

HODELL, D.A., R.L. QUINN, M. BRENNER and G.
KAMENOV 2004 ‘Spatial Variation of Strontium Isotopes
(87Sr/86Sr) in the Maya Region: A Tool for Tracking
Ancient Human Migration’, Journal of Archaeological
Science 31:585–601. 

HUGHES, C.E. and J. CRAWFORD 2013 ‘Spatial and Temp-
oral Variation in Precipitation Isotopes in Sydney Basin,
Australia’, Journal of Hydrology 489:42-55.

IAEA 2014 Water Isotope System for Data Analysis,
Visualization, and Electronic Retrieval (WISER),  http://
www-naweb.iaea.org/napc/ih/IHS_resources_isohis.html
retrieved Feb. 2014.

KASS, T., C. LISTON and J. McCLYMONT 1996 Parramatta
A Past Revealed, Parramatta City Council, Parramatta. 

LARSEN, C.S. 1997 Bioarchaeology, Interpreting Behaviour
From the Human Skeleton, Cambridge University Press,
Cambridge.

LEVINSON, A.A., B. LUZ and Y. KOLODNY 1987 ‘Varia-
tions in Oxygen Isotopic Compositions of Human Teeth
and Urinary Stones’, Applied Geochemistry 2:367-371.

LOWE, A. and R. MACKAY 1992 ‘Old Sydney Burial
Ground’, Australasian Historical Archaeology 10:15-23.

LOFTUS, E. and J. SEALY 2012. ‘Technical Note: Inter-
preting Stable Carbon Isotopes in Human Tooth Enamel:
An Examination of Tissue Spacings from South Africa’,
American Journal of Physical Anthropology 147:499-507.

LONGINELLI, A. 1984 ‘Oxygen Isotopes in Mammal Bone
Phosphate: A New Tool for Paleohydrological and Paleo-
climatological Research?’ Geochimica et Cosmochimica
Acta 48:385-390.

LUZ, B., Y. KOLODNY and M. HOROWITZ 1994 ‘Fraction-
ation of Oxygen Isotopes Between Mammalian Bone
Phosphate and Environmental Drinking-Water’,
Geochimica et Cosmochimica Acta 48:1689-1693.

MARTIN, C., I. BENTALEB, R. KAANDORP, P. IACUMIN
and K. CHATRI 2008 ‘Intra-Tooth Study of Modern
Rhinoceros Enamel δ18O: Is the Difference Between
Phosphate and Carbonate 18O a Sound Diagenetic Test?’,
Palaeogeography, Palaeoclimatology, Palaeoecology 266:
183-189.

MARSTELLER, S., KUNDSON, K. GORDON, G and A.
ANBAR 2017 ‘Biogeochemical Reconstructions of Life
Histories as a Method to Assess Regional Interactions:
Stable Oxygen and Radiogenic Strontium Isotopes and
Late Intermediate Period mobility on the Central Peruvian
Coast’, Journal of Archaeological Science: Reports
13:535-546.

MILLARD, A.R. and H. SCHROEDER 2010 “‘True British
Sailors’: A Comment on the Origin of the Men of the Mary
Rose”, Journal of Archaeological Science 37:680-682.

MURRAY, L. 2016 Sydney Cemeteries. A Field Guide,
NewSouth Publishing, Sydney. 

NITSCH, E.K., L.T. HUMPHREY and R.E.M. HEDGES
2011 ‘Using stable isotope analysis to examine the effect
of economic change on breastfeeding practices in
Spitalfields, London, UK’, American Journal of Physical
Anthropology 146:619–628. 

OWEN, T.D. 2004 “Of More than Usual Interest”: A
Bioarchaeological Analysis of Ancient Aboriginal Skeletal
Material from Southeastern South Australia, PhD thesis,
Department of Archaeology, Flinders University, Adelaide,
South Australia.

OWEN, T.D. and F.D. PATE 2014 ‘A Kaurna Burial,
Salisbury, South Australia: Further Evidence for Complex
Late Holocene Social Systems in the Adelaide Region’,
Australia Archaeology 79:45-53. 

PATE, F.D. 1994 ‘Bone Chemistry and Paleodiet’, Journal of
Archaeological Method and Theory 1:161-209.

PATE, F.D. 1997 ‘Bone Chemistry and Paleodiet: Recon-
structing Prehistoric Subsistence-Settlement Systems in
Australia’, Journal of Anthropological Archaeology
16:103-120.

PATE, F.D. 2008 ‘The Use of Human Skeletal Remains in
Landscape Archaeology’ in B. David and J. Thomas (eds),
Handbook of Landscape Archaeology, Left Coast Press,
Walnut Creek, California, pp 502-520. 

PATE, F.D. and T.J. ANSON 2012 ‘Stable Isotopes and
Dietary Composition in a Mid-Late 19th century Anglican
population, Adelaide, South Australia’, Journal of the
Anthropological Society of South Australia 35:1-16.

PATE, F.D., R. BRODIE and T.D. OWEN 2002 ‘Determin-
ation of Geographic Origin of Unprovenanced Aboriginal
Skeletal Remains in South Australia Employing Stable
Isotope Analysis’, Australian Archaeology 55:1-7.

PATE, F.D. and A.H. NOBLE 2000 ‘Geographic Distribution
of C3 and C4 Grasses Recorded in Bone Collagen Stable
Carbon Isotope Values of South Australian Herbivores’,
Australian Journal of Botany 48(2):203-207.

PATE, F.D and T.D. OWEN 2014 ‘Stable Carbon and Nitrogen
Isotopes as Indicators of Sedentism and Territoriality in
Late Holocene South Australia’, Archaeology in Oceania
49:86-94. 

PATE, F.D., A. ROBERTS, K. WALSHE and T.D. OWEN
2011 ‘Stable Isotopic Analysis of Indigenous Skeletal
Remains from Blanchetown Bridge, South Australia’,

32



Journal of the Anthropological Society of South Australia
34:90-99.

PATE, F.D. and M.J. SCHOENINGER 1993 ‘Stable Carbon
Isotope Ratios in Bone Collagen as Indicators of Marine
and Terrestrial Dietary Composition in Southeastern South
Australia: A Preliminary Report’ in B.L. Fankhauser and
J.R. Bird (eds), Archaeometry: Current Australasian
Research, Department of Prehistory, Research School of
Pacific Studies, Australian National University, Canberra,
pp 38-44. 

PITT, N., M. CASEY, A. LOWE and R. STOCKS 2017 
‘The Old Sydney Burial Ground, the 2008 Archaeological
Investigations’, Australasian Historical Archaeology
35:3-23. 

PRICE, T.D., C.M. JOHNSON, J.A. EZZO, J. ERICSON and
J.H. BURTON 1994 ‘Residential Mobility in the Pre-
historic Southwest United States: A Preliminary Study
using Strontium Isotope Analysis’, Journal of Archae-
ological Science 21(3):315-330.

SEALY, J.C., N.J. VAN DER MERWE, A. SILLEN, F.J.
KRUGER and H.W. KREUGER 1991 ‘87Sr/86SR as a
Dietary Indicator in Modern and Archaeological Bone’,
Journal of Archaeological Science 18:399-416.

SHAW, S.E., R.H. FLOOD and G.H. RILE 1982 ‘The Wolo-
gorong Batholith, New South Wales, and the Extension of
the I-S Line of the Siluro-Devonian Granitoids’, Journal of
the Geological Society of Australia 29(1-2):41-48.

SYDNEY GAZETTE 1820, 5 February 1820:3. 
TREBLE, P.C., W.F. BUDD, P.K. HOPE and P.K. RUMST-

MOJI 2005 ‘Synoptic-Scale Climatic Patterns Associated
with Rainfall δ18O in Southern Australia’, Journal of
Hydrology 302:270-282. 

TRICKETT, M.A. 2006 A tale of two cities: diet, health and
migration in post-medieval Coventry and Chelsea through
biographical reconstruction, osteoarchaeology and isotope
biogeochemistry, PhD thesis, Department of Archaeology,
University of Durham, http://etheses.dur.ac.uk/1330/,
retrieved 13 May 2013.

VAMPLEW, W. (ed.) 1987 Australians. Historical Statistics,
Fairfax, Syme & Weldon Associates, Australia. 

WILLIAMS, M.L. and P.F. CARR 2005 ‘Isotope Systematics
of Secondary Minerals from the Prospect Intrusion, New
South Wales’, Australian Journal of Earth Sciences: An
International Geoscience Journal of the Geological
Society of Australia 52(6):799-806.

WHITE, C.D., F.J. LONGSTAFFE, M.W. SPENCE and K.R.
LAW 2000 ‘Teotihuacan State Representation at Kaminal-
juyu’́: Evidence from Oxygen Isotopes’, Journal of
Anthropological Research 56:535-558.

WRIGHT, L.E. 2005 ‘Identifying Immigrants to Tikal, Guate-
mala: Defining Local Variability in Strontium Isotope
Ratios of Human Tooth Enamel’, Journal of Archae-
ological Science 32:555-566.

WRIGHT, L.E. and H.P. SCHWARCZ 1998 ‘Stable Carbon
and Oxygen Isotopes in Human Tooth Enamel: Identifying
Breastfeeding and Weaning in Prehistory’, American
Journal of Physical Anthropology 106:1-18.

WRIGHT, L.E. and H.P. SCHWARCZ 1999 ‘Correspondence
Between Stable Carbon, Oxygen and Nitrogen Isotopes in
Human Tooth Enamel and Dentine: Infant Diets at
Kaminaljuyu’, Journal of Archaeological Science
26:1159-1170.

33


