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Chapter One 
Introduction 
 

 

1. Radiocarbon and archaeology   
 

2019 marks the 70th anniversary of Libby et al. (1949) publishing the first paper on radiocarbon 

dating. In these 70 years, radiocarbon dating has become inextricably intertwined with the field 

of archaeology, providing a fundamental chronological basis on which our interpretations of the 

past 50,000 years are built.  

The study of archaeology gives us invaluable insights into the lives of people who lived thousands 

of years ago: how they exploited their environments, what they ate, the diseases that ravaged 

their bodies and the migrations they undertook. Chronology underpins how we track changes in 

these processes. Only by understanding when these things occurred and when they changed can 

we understand their implications for human history. Prior to the development of the 14C dating 

method, archaeological sites and artefacts could be dated relatively in comparison to geological, 

palaeontological and environmental landmarks or by looking at changes in form through time 

and cross-referencing to known historical dates, but these relative chronologies could not be 

linked to calendar ages. Radiocarbon dating made the study of world prehistory possible by 

providing the first chronometric scale that could transcend regional boundaries (Clark, 1970). As 

the late African archaeologist Desmond Clark said, without the 14C time scale, pre-historians 

would still be foundering ‘… in a sea of imprecisions sometimes bred of inspired guesswork but 

more often of imaginative speculation’ (Clark, 1979).   

Since the introduction of the radiocarbon method, the field has continually advanced through 

developments in laboratory techniques, instrumentation and understanding. Numerous 

‘Radiocarbon Revolutions’ have occurred, from the first application of radiocarbon dating to 

archaeology to the construction of a calibration curve, the development of accelerator mass 

spectrometers (AMS) to measure 14C and the wide-spread use of Bayesian statistics to analyse 

and interpret radiocarbon data (Renfrew, 1973; Bronk Ramsey, 2008; Bayliss, 2009; Wood, 2015).  

This chapter will briefly introduce the basic concepts of radiocarbon dating and outline the aims 

of this dissertation. 
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2. Introduction to Radiocarbon 
 

2.1 Radiocarbon production and distribution  

Carbon is the basis for all life on our planet. It has three naturally occurring isotopes. Carbon-12 

(12C), containing six neutrons and six protons in its nucleus, constitutes 99% of carbon on earth. 

Carbon-13 (13C) contains six protons and seven neutrons in its nucleus and makes up only 1% of 

global carbon. Both 12C and 13C are stable isotopes. Carbon-14 (denoted variously as 14C, C14, C14, 

radiocarbon) is present only in trace amounts on earth (10-10% of global carbon) and has an 

imbalanced nucleus containing six protons and eight neutrons which make it unstable 

(radioactive).  

14C is produced naturally in the upper atmosphere as a secondary product of in-coming cosmic 

radiation interacting with atmospheric gases (N, O, Ar) (Fig. 1; Taylor, 2001; Taylor and Bar‐Yosef, 

2014). This process produces free neutrons that react with the nuclei of nitrogen-14 (14N; which 

constitutes 78% of our atmosphere) to form 14C:  

𝑛 + 𝑁 →7
14  𝐶 + 𝑝6

14                                           [1] 

The 14C is rapidly oxidised to carbon monoxide (14CO) and then more slowly to carbon dioxide 

(14CO2). In this form, it enters the global carbon cycle and is distributed throughout the 

atmosphere, becoming fairly evenly mixed by the time it reaches the surface of the earth within 

a few weeks of its production. Most 14C (>90%) ends up in the world’s oceans as dissolved CO2 

(dissolved organic carbon; DOC) and dissolved inorganic carbon (DIC) in the form of carbonates 

and bicarbonates. 1-2% becomes part of the terrestrial biosphere (in the tissues of plants and 

animals) by means of CO2 fixation during photosynthesis (Fig. 1). 
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Figure 1. Production, distribution and decay of radiocarbon in the global carbon cycle. Based on Taylor (2001); 
Taylor and Bar‐Yosef (2014). 

 

2.2 Radiocarbon decay 

The unstable nucleus of 14C makes it undergo negative beta decay (β-) into the stable isotope 14N 

(containing seven protons and seven neutrons): 

𝐶6
14  → 𝑁7

14 + 𝑒− + 𝑣𝑒        [2] 

During life, plants and animals continually replenish their 14C content through metabolic 

processes and ingestion so their tissues remain in equilibrium with the atmosphere. However, 

once an animal or plant dies it stops replenishing its 14C content, which starts to decay with 

respect to the global atmospheric concentration. This decay occurs at a steady rate with a half-

life of approximately 5,700 years (the amount of time it takes for the amount of 14C in the tissues 

of a dead plant or animal to halve) (Fig. 2). This exponential decay mechanism is the basis of the 
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‘radiocarbon clock’. The method is used to date carbonaceous material from around 250 14C years 

old to roughly 50,000 14C years old, at which point the amount of residual 14C in the plant or 

animal tissue is so small it can no longer be routinely detected.  

 

Figure 2. Exponential decay of radiocarbon based on its half-life of ~5,700 years. The blue numbers to the right of 
the curve show the number of half-lives that have elapsed. 

 

2.3 The radiocarbon clock: considerations  

When radiocarbon dating was first applied, it was assumed that the level of 14C in the atmosphere 

had remained constant over time and that 14C is distributed equally within each hemisphere 

rapidly after its production (Libby et al., 1949). These assumptions implied that conventional 

radiocarbon (14C) years are equal to calendar (or ‘solar’) years across the radiocarbon timescale. 

However, it was realised fairly soon after the initial applications of radiocarbon dating that 14C 

ages did not match historical dates or tree-ring records (de Vries, 1958; Willis et al., 1960; Stuiver 

and Suess, 1966). It is now well understood that although the decay rate of 14C is stable, the level 

of 14C in the atmosphere is not constant because the production rate and distribution of 14C varies 

over time (Stuiver and Quay, 1980a; b). Variation in production rates stems from changes in 

cosmic ray influx and changes in the magnetic fields of the sun and the earth that affect the 

interaction of cosmic radiation with our upper atmosphere. The global distribution of 14C also 

varies as carbon exchange rates between different carbon reservoirs (e.g. the atmosphere and 

oceans) fluctuate due to climatic or environmental factors. This means that 14C years are not 

equivalent to calendar years for most of the 14C timescale (Fig. 3). The offset is much larger during 
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the late Pleistocene than in the Holocene, reaching an offset of ~4000 years during the period 

25,000 - 40,000 years.  

Due to the variation in 14C atmospheric levels over time, it was realised that radiocarbon dates 

must be calibrated to calendar years with temporal proxies (de Vries, 1958; Willis et al., 1960; 

Stuiver and Suess, 1966). This has been achieved with dendrochronology for the Holocene. The 

annual growth of long-lived tree species means that tree rings can be counted in calendar years 

and radiocarbon dated (initially on a decadal scale and now annually) to provide a continuous 

calibration curve stretching back thousands of years. Tree ring records from a variety of species 

from different locations have been combined to provide calibration curves which can be applied 

to 14C samples across the northern (IntCal13; Reimer et al., 2013) and southern hemispheres 

(SHCal13; Hogg et al., 2013). Beyond 14,000 years a variety of other terrestrial and marine 

records have been combined to extend the curve over the full range of the 14C timescale back to 

50,000 years ago, although at a lower level of precision than the dendrochronological dataset 

(Fig. 3; Hogg et al., 2013; Reimer et al., 2013). This composite curve includes radiocarbon 

determinations on organics extracted from varved lake sediment cores (e.g. Lake Suigetsu; Bronk 

Ramsey et al., 2012) and marine sediment cores (corrected for reservoir offsets) (e.g. Cariaco 

Basin; Hughen et al., 2004; Hughen et al., 2006), which can be linked to climatic signals in the 

Greenland ice cores, and paired 14C/uranium-thorium (U/Th) dating of speleothems (e.g. Hulu 

Cave; Southon et al., 2012; Cheng et al., 2018) and marine corals (e.g. Tahiti corals; Durand et al., 

2013). The construction of an accurate and increasingly precise calibration curve has been an on-

going international effort by the radiocarbon community for decades (Stuiver and Suess, 1966; 

Damon et al., 1974), and has been updated multiple times as datasets are added and revised - 

see IntCal98 (Stuiver et al., 1998), IntCal04 (McCormac et al., 2004; Reimer et al., 2004), IntCal09 

(Reimer et al., 2009), IntCal13 (Hogg et al., 2013; Reimer et al., 2013) and the forthcoming 

IntCal19 (see Cheng et al., 2018; Reimer et al., 2018).  
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Figure 3. The IntCal13 calibration curve (blue) (Reimer et al., 2013) plotted in OxCal (Bronk Ramsey, 2009). The grey 
line represents a hypothetical constant atmospheric 14C concentration over time. For the majority of the 14C 

timescale, radiocarbon determinations deviate from ‘true’ calendar ages by hundreds or thousands of years. 

 

In addition to natural variation in atmospheric 14C concentrations, the level of 14C in the 

atmosphere has been significantly altered by anthropogenic inputs over the last three centuries. 

The burning of fossil fuels on an industrial scale since the 18th century has introduced a huge 

amount of 14C-free (radiocarbon dead) CO2 into the atmosphere (the Suess Effect). In contrast, 

the detonation of nuclear weapons (hydrogen bombs) in the 1950s and 1960s released enormous 

amounts of artificial 14C into the atmosphere, doubling the concentration. The high level of 14C 

decreased rapidly (at a rate of ~1% per year), and the atmospheric concentration is almost back 

to the pre-bomb level. Although the bomb pulse has in fact proved useful in many biological and 

forensics radiocarbon dating applications back to 1963, the strong fluctuations in atmospheric 
14C since the 18th century mean that any radiocarbon ages falling in this period will intersect the 

calibration curve at multiple points, introducing ambiguity into their interpretation. Essentially, 

AD 1750 is therefore the lower limit of routine radiocarbon dating, although samples where an 

ordered set of dates is possible, such as wooden artefacts with >50 rings, can be wiggle matched 

to achieve a narrow calibrated age range. Any sample exhibiting an age of less than 200 14C years 

is generally referred to as ‘modern’ and any exhibiting an age of greater than the contemporary 

standard as ‘greater than modern’ (Stuiver and Polach, 1977). 
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Although 14C is distributed fairly evenly within the atmosphere within a matter of weeks following 

production (although small regional offsets exist, see Kromer et al., 2001; Manning et al., 2001), 

the exchange rate between the atmosphere and other carbon reservoirs varies considerably both 

geographically and temporally. This leads to offsets in 14C determinations between contemporary 

samples incorporating carbon from different reservoirs, called ‘reservoir effects’. This occurs in 

the case of marine shells or animals eating a high proportion of marine foods when upwelling 

from the deep ocean (which exchanges very slowly with the atmosphere) causes ‘old’ carbon to 

be incorporated into the tissues of modern organisms. Ocean surface waters generally have a 

reasonably stable reservoir effect of around -400 years but offsets may reach over 1000 years in 

different locations. A marine calibration curve (Marine13) has been constructed from the 

IntCal13 curve incorporating regional marine reservoir variations to account for these offsets 

(Reimer et al., 2013). Reservoir corrections are increasingly complicated in fresh-water scenarios 

as the reservoir effect is difficult to model in dynamic systems with multiple carbon reservoirs 

(e.g. dissolved carbonates from geological limestone, ‘old’ ground water). The bones of humans 

who consumed large amounts of freshwater fish can exhibit a wide range of reservoir ages 

extending beyond -1000 years, which can have large implications for samples of Neolithic age 

and younger where the standard deviation associated with radiocarbon dates is in the order of 

decades (e.g. Cook et al., 2002; Nadeau et al., 2012). 

  

3. Sample preparation for radiocarbon dating 

The efficacy of the radiocarbon dating method depends on the context and geochemical history 

of the sample, pretreatment method, accuracy and precision of measurement and finally, 

interpretation of the date. The process for obtaining a radiocarbon date is shown in Fig. 4.  
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Figure 4. Flow chart of the radiocarbon dating process. 

 

3.1  Sample selection and pretreatment 

Careful sample selection is of utmost importance in obtaining reliable and useful radiocarbon 

data. The chronological question must be determined, and the physical relationship between the 
14C sample and the archaeological event of interest must be explicitly defined before 

pretreatment and measurement. The most commonly dated materials are wood, charcoal, shell 

and bone. Prior to 14C measurement, samples are pretreated to extract the endogenous carbon 

whilst removing any contaminating molecules introduced during death and burial and 

simultaneously ensuring that no modern carbon is introduced during the laboratory procedure. 

Rather than dating a bulk sample, the pretreatment procedure often involves isolating a certain 

fraction of the sample material more resistant to diagenesis or contamination, such as collagen 

from bone or cellulose from wood. Each additional stage of pretreatment increases the risk of 

introducing lab-based contaminants, so much work has gone into establishing rigorous protocols 

for different sample pretreatments (Bird et al., 1999; Bronk Ramsey et al., 2004a; Talamo and 

Richards, 2011; Wood et al., 2012). 

The preservation of organic material is highly dependent on the burial environment. The loss of 

organic material is accelerated by elevated temperatures, extreme pH and fluctuating moisture 

contents. In general, archaeological sites in temperate European contexts experience much 
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higher levels of organic preservation than sites in the tropics (van Klinken, 1999). However, even 

in temperate or cold climates, over time the organic fraction degrades and is lost, in general 

leaving relatively little organic material preserved in Pleistocene contexts in comparison to 

Holocene ones. As samples are increasingly degraded with age, more sample material is generally 

needed to extract sufficient carbon for dating from older samples.   

Carbon contaminants (e.g. organic molecules from the soil or preservatives applied by museums) 

with a different level of 14C activity to the original sample will lead to erroneous 14C dating results. 

The effect on the 14C age depends on the activity level (age) of the contamination. Adding 1% 

‘radiocarbon-dead’ carbon will make a radiocarbon result around 80 years older, which will have 

a large impact on a recent sample with a precision of ca. ±20 years but a negligible effect on a 

sample older than 20,000 years. In contrast, 1% modern carbon will make ages appear younger 

than their ‘real’ 14C age with the effect increasingly catastrophic for older samples (Fig. 5; Bronk 

Ramsey, 2008). Contamination of samples by exogenous carbon may also alter the stable carbon 

isotopic ratio of a sample. Due to the serious errors introduced, modern carbon contaminants 

have to be kept <0.1%, which is increasingly challenging as sample size is decreased (Hedges and 

van Klinken, 1992; Bronk Ramsey, 2008). 

 

 

Figure 5. The effect of 1% modern carbon contamination on 14C ages across the 14C timescale. 

 

It should be noted that there is a differentiation between the sample size needed from the 

original material (bone, wood, charcoal, in the order of milligrams to grams) and the sample size 

needed for AMS measurement (5 – 1000 micrograms of carbon (µg C)). The relationship between 
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the two depends on the proportion of carbon in the original material, the level of preservation 

of the material and the pretreatment method employed (Taylor and Bar‐Yosef, 2014). 

 

3.2 Archaeological bone 

Bone is abundant at many archaeological sites and can often be directly related to the presence 

of humans. It is commonly the subject of genetic and palaeoproteomic investigations, faunal 

analysis and stable isotopic analysis for studying palaeodiet, mobility and palaeoenvironment. 

These considerations make bone highly attractive for radiocarbon dating, but the complex 

composition of bone means that purifying endogenous carbon is a complex process (Hedges and 

van Klinken, 1992).   

Bone is composed of protein (predominantly collagen which makes up ca. 22% weight of modern 

bone) in a bioapatite (mineral) matrix (Collins et al., 2002). The most common method for dating 

bone is to isolate the collagen fraction, which is somewhat protected from the surrounding burial 

environment by the mineral matrix (Hedges and van Klinken, 1992; Collins et al., 2002). Collagen 

content declines with time since deposition at a rate dependent on the moisture, temperature 

and pH of the burial environment (van Klinken, 1999).   

Since the 1970s, collagen has generally been extracted from bulk bone using an acid-base-acid 

method followed by gelatinisation, based on Longin (1971). The application of ultrafiltration, first 

proposed by Brown et al. (1988), led to vast improvements in purifying gelatin extracts by 

removing degraded collagen fragments and small molecular weight (<30 kDa) contaminants (Fig. 

6). The necessity of collagen purification depends on the individual history of the sample, which 

cannot always be fully determined prior to pretreatment. In some cases standard collagen 

extraction protocols are sufficient to isolate endogenous carbon and yield identical 14C results to 

more stringently purified extracts. This has led some to question the necessity of ultrafiltration 

methods (Fulop et al., 2013; Kuzmin, 2019) whilst other criticisms include the loss of endogenous 

collagen and the risk of contamination from the humectant coated filter (Jørkov et al., 2007; Hüls 

et al., 2009). However, in numerous cases the re-dating of bones with ultrafiltration methods has 

led to much older ages than previous dates from non-ultrafiltered extracts and has been shown 

to be particularly effective for Palaeolithic bones (Higham et al., 2006; Higham, 2011; Wood et 

al., 2013). 

10



 

 

Figure 6. Fragment of archaeological bone before pretreatment (left), an ultrafilter (centre) used to purify the 
gelatin extract and an ultra-filtered bone collagen extract (right) after pretreatment and freeze-drying. 

 

Efforts have been made to further eliminate the risk of contamination by purifying individual 

amino acids from bone collagen for compound specific dating (Stafford et al., 1982; Gillespie et 

al., 1984; van Klinken and Mook, 1990; Hedges and van Klinken, 1992). Hydroxyproline (HYP) is 

the preferred choice as it constitutes ~10% of the carbon in collagen and is rare in other 

mammalian proteins. The isolation of HYP has the advantage of removing large molecular weight 

contaminants (from conservatives or the soil) which are not removed by ultrafiltration methods. 

Recent improvements in the efficiency of applying the method have led to age revisions of 

important samples in several cases and indicate that the method is useful for cases where glues 

have been applied to bone (Marom et al., 2012; Nalawade-Chavan et al., 2014; Devièse et al., 

2017b), although the reliability of the technique is not unanimously accepted (Kuzmin, 2019). As 

HYP only constitutes a small amount of the total carbon in bone, large amounts of bone need to 

be pretreated to gain enough C for dating. The method is therefore less suitable for bone samples 

with low levels of preservation and impractical for small samples such as individual teeth.   

 

4. Measurement of radiocarbon 
 

In order to obtain a radiocarbon date, once the carbon in the sample has been isolated the ratios 

of 14C/12C and 13C/12C (δ13C) in the organic material must be measured and compared to isotopic 

ratios in a standard. The isotopic ratio is converted to an age using the formula (Stafford et al., 

1991): 
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𝑡 =  − 𝑇 ln (
𝐴

𝐴0
)                           [3] 

Where: 

t is the age in radiocarbon years 

T = 8033 years (the mean life of 14C based on the Libby half-life of 5568 years) 

A0 is the initial 14C activity at 0 BP (AD 1950), corrected to δ13C = -25‰  

A is the present 14C activity, corrected to δ13C = -25‰ 

 

The radiocarbon result depends on both the accuracy (obtaining the correct age of a sample) and 

the precision (the degree of uncertainty associated with the measurement) of the 14C 

measurement. During the 1950s - 1970s, decay counters (gas proportional counters and liquid 

scintillation counters) were routinely used to determine the level of 14C in a sample (Kromer and 

Münnich, 1992). These instruments detected and measured 14C beta decay events which could 

be used to determine the age of a sample. The measurement of a single sample could take several 

weeks and required many grams of carbon (up to 20 g) to make an accurate, precise 

determination. Although conventional gas counters are still in use today for a number of 

applications, in the 1970s the development of accelerator mass spectrometers (AMS) 

revolutionised the field of radiocarbon dating (for a comprehensive review, see Gove, 1992). 

Rather than counting decay events, AMS instruments directly count the 12C, 13C and 14C ions in a 

sample. As there are so many more of these to detect than individual 14C decay events, routine 

measurements by AMS are made on much smaller samples sizes in a matter of hours, rather than 

days or weeks (Gove, 1992). This reduction in sample size was crucial for widespread 

archaeological applications as it allowed increasingly rigorous sample pretreatment of much 

smaller sample sizes (Bronk Ramsey, 2008; Taylor and Bar‐Yosef, 2014). The caveat is that as 

sample size decreases, the proportional effect of exogenous carbon contamination on the result 

increases.  

Most AMS systems are tandem electrostatic accelerators with negative ion sources, meaning that 

the particles are accelerated in a two-step process (Fig. 7; Taylor and Bar‐Yosef, 2014). Carbon 

can be introduced into the ion source of an AMS in the form of solid graphitised carbon or CO2 

gas. In the ion source, the carbon atoms of the sample are bombarded with caesium ions. This 

ionizes the sample carbon with a negative charge (C-) and the carbon ions are accelerated in a 

beam. As 14N (which is present in the atmosphere at much greater magnitudes than 14C) does not 

form negative ions, they are eliminated from the acceleration process. The ion beam passes 

through an electromagnetic field in a low-energy mass spectrometer that changes the trajectory 

of the ions according to mass, as ‘heavier’ 14C isotopes will be deflected less than ‘lighter’ 12C or 
13C isotopes. The negatively charged ions are pulled towards the positively charged high-voltage 

tandem accelerator, which contains a solid or gas ‘stripper’. The stripper removes the outer 
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electrons of the ions, changing them from negatively to positively charged ions, which are then 

repelled away from the positive charge of the accelerator. The stripping process breaks apart any 

non-14C particles of mass 14 (12CH2, 13CH) which would otherwise interfere with the accurate 

measurement of 14C. The positive ion beam is accelerated through a second magnetic field in the 

high-energy mass spectrometer. This separates out the 12C and 13C ions, which are measured in 

faraday cups, and the 14C ions that are measured by a much more sensitive ion detector. As the 

precision of 14C measurement is a function of how many 14C ions are detected, older samples 

have lower levels of precision as they contain less residual 14C.    

 

 

Figure 7. Simplified schematic of a tandem accelerator AMS system measuring 14C. 

 

All AMS labs convert pretreated samples into CO2 through combustion. Most labs then convert 

the CO2 into a solid form, typically by catalytically reducing it to filamentous graphite which is 

pressed into a target (routinely requiring 500 - 1000 μg C), to be introduced into the AMS. Solid 

forms are preferred as they produce higher ion beam currents (a higher amount of ions are 
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produced per unit time), which provide a higher level of precision, and less memory effect in the 

ion source between samples than directly introduced CO2. Many labs have worked on various 

methods to reduce the amount of carbon necessary for dating with graphite targets to <500 µg 

C (e.g. Pearson et al., 1998; Hua et al., 2004; Ertun et al., 2005; Santos et al., 2007a; Santos et al., 

2007b; Smith et al., 2007; Genberg et al., 2010; Delqué-Količ et al., 2013; Liebl et al., 2013; Walter 

et al., 2015; Freeman et al., 2016; Steier et al., 2016). However, these have often proved to be 

complex and subject to large contamination effects (see Ertun et al., 2005; Ruff et al., 2010a) 

which has limited the ability to reduce the sample sizes needed for dating samples such as 

archaeological bone. The direct measurement of CO2 gas has the benefit of requiring much 

smaller sample sizes (in the order of 5 - 100 µg C) and cutting out the time-consuming 

graphitisation step (Middleton, 1984; Bronk Ramsey and Hedges, 1997), but the lower ion beam 

currents mean that in the past the method was only suitable for small sample sizes where high 

precision was unnecessary (Bronk Ramsey et al., 2004b).  

In 2007, the Laboratory of Ion Beam Physics at ETH Zurich announced the development of the 

MIni CArbon DAting System (MICADAS), a compact AMS equipped with an ion source capable of 

accepting both solid and gas samples (Fig. 8; Ruff et al., 2007; Synal et al., 2007). Modifications 

to the gas ion source over the last decade mean that higher ion beam currents can be produced, 

thus increasing the level of precision possible for CO2 samples in the range of 5 – 100 μg C (Ruff 

et al., 2007; Ruff et al., 2010b; Ruff et al., 2010a; Wacker et al., 2010; Fahrni et al., 2013; Wacker 

et al., 2013b). Initial reports indicated the system was highly reliable and contamination issues 

were reported to be much lower for small gaseous samples compared to small graphite samples 

(Ruff et al., 2010a). The system has been successfully utilised for the 14C measurement of ice 

(Hoffmann, 2016), aerosols (Zhang et al., 2015; Bonvalot et al., 2016), carbonates (Wacker et al., 

2013a; Bard et al., 2015; Fagault et al., 2017) and modern paintings (Hendriks et al., 2016).  

The technological improvements in direct CO2 measurement presents an attractive prospect for 

dating small archaeological bone samples in order to limit sample destruction. However, given 

the increasing sensitivity of bone collagen to contamination as sample size is reduced rigourous 

testing at both the pretreatment and measurement stages are necessary before the system is 

utilised for unknown samples.  

 

14



 

 

Figure 8. The AixMICADAS (Bard et al., 2015) AMS system at CEREGE in Aix-en-Provence in France. 

 

4.1 Reporting of radiocarbon data 

A number of conventions have been established so that radiocarbon ages can be internationally 

compared and assessed (Stuiver and Polach, 1977).  

When 14C dates are correlated with independent dating methods such as U/Th or Argon/Argon 

the accuracy of the 14C half-life is critical, and several revisions have been made to this value since 

Libby first published the method. Since 1962 the generally accepted value for the 14C half-life is 

the Cambridge half-life of 5730 (±40) years (Godwin, 1962; Stuiver and Polach, 1977) but more 

recently it has been suggested that the real value may be closer to 6000 years (Chiu et al., 2007). 

Although the Libby half-life is accepted as incorrect, conventional radiocarbon ages are calculated 

using the Libby half-life of 5568 (±30) years, as many dates were already published using the 

value and during calibration, as long as the same half-life value is used for the sample 14C age and 

the calibration dataset, the effect of any error in the half-life calculation is rendered insignificant 

(Stuiver and Suess, 1966). 

Carbon isotopic ratios in a sample may be affected by fractionation (discrimination against 

heavier 13C and 14C isotopes during a phase transition) depending on the carbon reservoir from 

which the samples derive. As 13C is discriminated against half as much as 14C, the δ13C value of a 

sample is measured with an isotope ratio mass spectrometer (IRMS) so that fractionation in 14C 
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can be corrected. To account for different δ13C values between samples, such as in marine shells 

(δ13C = ~0‰) and terrestrial C3 plants (δ13C = ~-25‰), conventional 14C ages are normalised to 

δ13C = -25‰ with reference to an international standard (Peedee belemnite δ13C = 0‰ or 

associated material) (Stuiver and Polach, 1977).  

AD 1950 is defined as the zero point from which 14C time is counted (Godwin, 1962). All 14C 

measurements are made against an internationally recognised modern reference standard 

(Oxalic Acid (OX) I or II) with a defined 14C age of zero (AD 1950) or a secondary modern standard 

with a known relationship to OXI/OXII (Stuiver and Polach, 1977). The background level of each 

AMS instrument is determined by the measurement of samples understood to contain no 

appreciable 14C (radiocarbon dead) and will vary between instruments. It is crucial that 

measurements of fossil samples are made to monitor lab-based contamination and to calculate 

appropriate background subtractions for Pleistocene samples of unknown age. Beyond 

approximately 50,000 years the level of 14C in the sample cannot be distinguished from the 

background level in the machine, making this the practical upper limit of radiocarbon dating. In 

such cases, only infinite 14C ages can be expressed (denoted by a ‘>’ prefix), meaning that the 

sample could be any age older than the value quoted.  

All 14C age determinations should be reported with the AMS lab number and an estimate of the 

precision (Stuiver and Polach, 1977). This is dominated by the counting statistics associated with 
14C measurement so is often referred to as the statistical uncertainty and is typically expressed 

as ±1 standard deviation. Conventional 14C ages are reported with the suffix ‘BP’, which is 

internationally understood to mean ‘14C years before AD 1950’.  This is in contrast to the suffix 

‘cal BP’ which specifically indicates that the value is an interpreted calibrated range (the 

calibration dataset and software should always be indicated).  

For decades, many radiocarbon labs have voluntarily undertaken international inter-comparisons 

to monitor reproducibility and identify systematic problems (e.g.  FIRI, VIRI, SIRI; Scott et al., 

2018). The published results provide a level of quality assurance to submitters of radiocarbon 

samples.  

 

5. The Bayesian revolution  

The application of Bayesian statistics to chronological data represented a revolution in the 

interpretation of radiocarbon dates (Bayliss, 2009). Bayesian chronological modelling combines 

radiocarbon dates (or other chronometric information) with prior information on the relative 

order of the dates, usually meaning stratigraphic information from the archaeological context, to 

increase the precision of age determinations and to detect unreliable dates (Bronk Ramsey, 
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2009). This type of formal analysis allows individual radiocarbon dates to be modelled statistically 

within site-wide or regional chronologies, greatly increasing their power and precision (e.g. 

Hublin et al., 2012; Douka et al., 2014; Higham et al., 2014).  

By assigning boundaries to archaeological phases, Bayesian modelling enables the timing and 

tempo of social changes to be investigated. The accuracy is highly dependent on the data input, 

with sample selection, sufficient sample pretreatment and prior assumptions (stratigraphic 

interpretations by archaeologists) playing critical roles (Bayliss, 2015; Bayliss and Marshall, 2019). 

The effect of sampling criteria on the output of chronological models is demonstrated by the case 

of Grotte du Renne (Arcy-sur-Cure) in south-western France. The site has a statigraphic sequence 

spanning the Middle to Upper Palaeolithic transition, including several ‘transitional’ 

Châtelperronian layers. These layers are notable for the association of Neanderthal remains with 

personal body ornaments, which were traditionally associated with Upper Palaeolithic 

assemblages made by Homo sapiens. An initial attempt at establishing a chronological framework 

for the transition period was based on 14C dates of worked bone artefacts, many of which had 

been consolidated and/or yielded low collagen percentages (Higham et al., 2010). After 

modelling the results, the authors inferred a significant degree of mixing between layers which 

led them to question the biological identify of the makers of the Châtelperronian artefacts. A 

second attempt to determine a reliable chronology based on modelling of 14C dates from bone 

samples with high levels of collagen preservation produced stratigraphically consistent results 

which supported the Neanderthal association with the ornaments (Hublin et al., 2012), a finding 

which has been further supported through proteomic analysis (Welker et al., 2016).    

Where direct dating is not possible or suitable, Bayesian statistical analysis provides the 

opportunity to calculate probability distributions for the likely age of artefacts or fossils based on 

their relative stratigraphic position within a formal chronological framework. Such methods have 

been applied to fossils representing the early appearance of Homo sapiens in Europe, such as 

hominin teeth from the Uluzzian levels of the Grotta del Cavallo, Italy (Benazzi et al., 2011) and 

the KC4 human maxilla from Kent’s Cavern in the UK (Higham et al., 2011a). However, the validity 

of these methods are open to debate over the reliability of the underlying stratigraphic 

associations (for example, in the case of Kent's Cavern and Cavallo, see White and Pettitt, 2012; 

Zilhão, 2013). The technique can only yield reliable estimations when the relationship with the 

associated artefacts is clear.  

Bayesian modelling of absolute chronological data from multiple sites enables us to move beyond 

individual site chronologies to explore broader regional narratives. Higham and colleagues (2014) 

used Bayesian techniques to analyse radiocarbon data from 40 Mousterian sites to investigate 

the spatio-temporal patterning of the disappearance of Neanderthals and their potential overlap 

with Homo sapiens following their arrival in Eurasia. The model suggested that Neanderthals 
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disappeared from different regions at different times with the last appearance of the Mousterian 

at ~39,000 cal BP. The modelled overlap of 2,600-5,400 years with Homo sapiens supports the 

cultural, technological and biological interactions witnessed through archaeological and genetics 

analyses (e.g. Green et al., 2010; Ahern et al., 2013; Soressi et al., 2013; Fu et al., 2015; Hublin, 

2015; Fu et al., 2016). Although such models can provide useful information on broad patterns 

of human behaviour, the output is sensitive to the quality of data included.   

 

6. Problems in the Palaeolithic   

The majority of the radiocarbon timescale covers the prehistoric period. This includes many of 

the most fascinating events in human history including the expansion of Upper Palaeolithic Homo 

sapiens from Africa to the rest of the world and the worldwide origins and spread of agriculture 

(Bar-Yosef, 2000). Unfortunately, relatively few archaeological sites and fossils from the late 

Middle and early Upper Palaeolithic exist and where they do, they are typically plagued by poor 

preservation due to their extreme age. During the 19th and 20th centuries it was common practice 

for museum curators to consolidate important archaeological bone artefacts or fossils (for 

example, fragmented bones glued together or entire bones dipped in glue) but detailed records 

of conservatives are often lost or non-existent, leading to complications for subsequent attempts 

at radiocarbon dating.   

In a recent analysis of replicability, Bayliss and Marshall (2019) analysed replicate 14C dates from 

1089 archaeological samples commissioned by Historic England and found that one in 10 dates 

(on all sample types) measured before 1993 were outside 2σ of their true value, although this 

increased to one in five for bone/antler. The analysis was almost exclusively based on well-

preserved material dating to less than 6000 years old but for the late Middle and Upper 

Palaeolithic the low level of preservation and the higher number of 14C half-lives elapsed makes 

the process much more technically challenging. Higham has estimated that up to 70% of dates 

from the European Middle to Upper Palaeolithic made prior to the establishment of robust 

pretreatment methods are unreliable due to inappropriate sample selection and inadequate 

sample de-contamination (Higham et al., 2009; Higham, 2011). A commentary on radiocarbon 

dates from the Upper Palaeolithic site Sunghir in Russia found that more than two thirds of the 

60 14C dates made since the 1970s should be considered unreliable due to laboratory 

inconsistencies, a lack of provenience data, and a lack of correlation between the dated material 

and the archaeological features (Soldatova, 2019).  

Unfortunately, many primary publications fail to report information on sample context, 

pretreatment methods, quality criteria or measurement conditions, meaning that the reliability 

of many published radiocarbon dates is impossible to judge. In the past, AMS labs published 
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‘datelists’ of measured samples along with contextual information and comments on 

pretreatment and results (e.g. Hedges et al., 1989; Hedges et al., 1994; Higham et al., 2007). This 

practice became increasingly unfeasible due to the vast quantity of samples measured with AMS. 

Databases of 14C dates published in the literature exist, such as the Radiocarbon Palaeolithic 

Europe Database, the latest version of which includes over 12,000 14C determinations 

(Vermeersch, 2019). Unfortunately, in many cases basic sample information is lacking as are 

references to publications, or even lab codes, which would enable further information to be 

obtained. Several recent inititives have taken these short-comings into consideration and aim to 

facilitate easier dissemination of data. Resources such as IntChron and the Southern African 

Radiocarbon Database (SARD) provide user-friendly interfaces and, crucially, these resources 

require references to publications so that further sample information can be easily obtained and 

sample quality assessed (Bronk Ramsey et al., 2019; Loftus et al., 2019). This increased 

transparency and accessibility of open-access data represents a great improvement for those 

undertaking large-scale analysis of chronological data.   

Huge efforts have been made in recent decades to address the issue of accuracy by establishing 

stringent methods of sample pretreatment for bone collagen (Stafford et al., 1982; Brown et al., 

1988; van Klinken and Mook, 1990; Brock et al., 2010a; Talamo and Richards, 2011; Devièse et 

al., 2017b), charcoal (Bird et al., 1999; Bird et al., 2014) and shell carbonates (Douka et al., 2010). 

Numerous pre-screening techniques for bone, including infra-red spectroscopy and elemental 

analysis, are employed to assess collagen preservation prior to sampling in order to limit needless 

sample destruction (e.g. D'Elia et al., 2007; Brock et al., 2010b; Brock et al., 2012; Pestle et al., 

2015; Lebon et al., 2016). Various protocols have also been explored for the removal of different 

conservatives from bone prior to collagen extraction (Brock et al., 2017).  

The reduction in sample size facilitated by AMS, the application of Bayesian statistics over the 

past two decades and the vast improvements in sample pretreatment have permitted key 

archaeological questions to be addressed at increasingly high resolution (Mellars, 2006; Higham, 

2011). Chronologically positioned at the limit of the 14C dating method, the Middle to Upper 

Palaeolithic transition has always presented a great technical challenge for the radiocarbon 

community and has therefore particularly benefited from methodological advances. With the 

application of these advanced techniques, a more robust chronological framework has begun to 

emerge for this period in Europe (e.g. Higham et al., 2011b; Hublin et al., 2012; Talamo et al., 

2012; Douka, 2013; Wood et al., 2013; Higham et al., 2014; Dinnis et al., 2019).  

Yet even with these developments, many precious archaeological bone artefacts are too small, 

rare or precious for the destructive sampling that comes with direct dating. Many of the more 

stringent pretreatment methods decrease the yield of carbon for dating, meaning that larger 

starting sample sizes are routinely required. Important bone artefacts or human remains are 
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therefore often dated indirectly through associated faunal remains or charcoal (e.g. Benazzi et 

al., 2011; Hublin et al., 2012; Benazzi et al., 2015; Bosch et al., 2015). Yet lamentably, many sites 

and artefacts excavated before and during the 20th century lack robust contextual information, 

and even with modern excavation techniques, the stratigraphy at archaeological sites can be 

complicated through the movement of objects between layers. These issues can lead to debates 

over the reliability of associated radiocarbon dates (White and Pettitt, 2012; Douka et al., 2015). 

In numerous cases where direct dating has been undertaken, supposed Palaeolithic remains have 

turned out to be Holocene intrusions (e.g. Trinkaus and Pettitt, 2000; Svoboda et al., 2002; 

Svoboda et al., 2004; Tillier et al., 2009; Hoffmann et al., 2011; Benazzi et al., 2014; Talamo et al., 

2016a; Douka et al., 2017; Di Maida et al., 2019), leading to dramatic revisions of the catalogue 

of Upper Palaeolithic human remains in Eurasia in recent decades (Ahern et al., 2013). Such 

instances demonstrate how crucial direct radiocarbon dating can be for accurate interpretation, 

not only for individual objects but particularly because key specimens are often drawn into 

broader interpretations of large scale movements or cultural developments in human history 

(e.g. Svoboda et al., 1996; Hublin, 2015; Bae et al., 2017).  

In some cases, direct radiocarbon dating has produced age estimations inconsistent with the 

stratigraphic context of the artefact, and the reliability of the 14C data is questioned or rejected 

(e.g. Trinkaus et al., 1999; Toussaint and Pirson, 2006; Higham et al., 2011a). Several re-dating 

programs have been undertaken to establish accurate ages for key fossils using more rigourous 

pretreatment methods but this is largely dependent on the amount of sample material available 

(e.g. Jacobi and Higham, 2008; Devièse et al., 2017a). Although in some situations it is suspected 

that ultrafiltration or compound specific methods may provide results with increased accuracy, 

it is often difficult to justify further destruction of important fossils until reliable results can be 

obtained from smaller amounts of bone. 

Recent developments in palaeoproteomics are having transformative effects on analyses of 

archaeological sites. Zooarchaeology by Mass Spectrometry, known as ZooMS, is being 

increasingly applied to large collections of undiagnostic bone fragments to identify hominin 

remains (Brown et al., 2016; Charlton et al., 2016; Welker et al., 2016). Small fragments of bone, 

which would have been overlooked in past decades, are fast becoming one of the most important 

resources at archaeological sites since they can represent the only available hominin remains. 

The lack of morphological features makes these fragments more suitable for destructive sampling 

and they are unlikely to have been conserved by curators. However, the application of different 

molecular analyses (14C dating, ancient DNA, palaeoproteomics, stable isotopes) means that the 

amount of bone available is generally highly limited. 
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Figure 9. Typical undiagnostic bone fragment (R-EVA 
2664; chapter 5) analysed by ZooMS where limited 
material is available for analysis. 

 

 

The reduction in sample size for radiocarbon dating Palaeolithic bone is therefore a vital area of 

on-going research. Bearing in mind the archaeological questions and requirements, this 

dissertation aims to build apon the recent methodological advances in pretreatment and AMS 

measurement to test the effects of sample size reduction for the radiocarbon dating of 

archaeological bone.  
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7. Project aims 

The overall objective of this project is to determine ways to obtain accurate and precise 

radiocarbon dates directly from precious archaeological bones with minimal sample destruction. 

Chapters 2 and 3 of this thesis focus on methodological questions concerning the pretreatment 

and measurement of <100 mg bone samples of known age. Chapters 3 and 4 demonstrate the 

application of these methods to important European Palaeolithic bones of unknown age.  

 

Chapter 2 - Project 1  

Testing the suitability of the MICADAS gas ion source for dating Palaeolithic 

collagen  

It has been demonstrated that the recently updated gas ion source of the MICADAS AMS is 

suitable for measuring 14C from <100 µg C in environmental applications. The first aim of this 

dissertation is to test the accuracy and precision of the gas ion source for dating small samples 

of collagen to determine whether the method is suitable for measuring 14C of Palaeolithic bones 

when sample size is limited.   

Project 1 is a pilot study testing the instrumental capabilities of the gas ion source for dating bone 

collagen and is published in Radiocarbon: H. Fewlass, S. Talamo, T. Tuna, Y. Fagault, B. Kromer, 

H. Hoffmann, C. Pangrazzi, J.J. Hublin, E. Bard (2017) Size matters: radiocarbon dates of <200 µg 

ancient collagen samples with AixMICADAS and its gas ion source. Radiocarbon 60, 425-439.  

 

Chapter 3 - Project 2 

Pretreatment of <100 mg bone samples  

A successful protocol for bone collagen extraction and ultrafiltration was previously established 

in the Human Evolution department of the Max Planck Institute for Evolutionary Anthropology, 

Leipzig (Talamo and Richards, 2011). This protocol has been demonstrated to produce high yields 

of high quality collagen from ~500 mg of Palaeolithic bone and has been applied at range of 

archaeological sites across Europe (e.g. Hublin et al., 2012; Talamo et al., 2012; Talamo et al., 

2016b). The second aim of this dissertation is to refine this protocol for <100 mg bone material 

whilst maintaining high yields of high quality collagen for radiocarbon dating. The quality of the 

extracts will be assessed through elemental, stable isotopic and 14C dating with the AixMICADAS 

gas ion source.  
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The results of this project are published in Scientific Reports: H. Fewlass, T. Tuna, Y. Fagault, J.J. 

Hublin, B. Kromer, E. Bard, S. Talamo (2019) Pretreatment and gaseous radiocarbon dating of 40–

100 mg archaeological bone. Scientific Reports 9(1):5342. 

 

Chapter 4 - Project 3 

Pretreatment and dating of human remains from Dolní Věstonice  II and Pavlov I, 

Czech Republic 

The sites of Dolní Věstonice II and Pavlov I in the Czech Republic offer fascinating insights into 

human behaviour in the Gravettian period in Europe. The sites are famed for their spectacular 

examples of ritual ochre burials and the large human skeletal collection has been the focus of 

intense analysis (Trinkaus and Svoboda, 2006). Radiocarbon dates of charcoal and animal bone 

placed the main period of occupation between 31,000 and 29,000 cal BP (Svoboda, 2016) but 

none of the human remains have previously been directly dated. In 2013, human bones from the 

two sites were sampled for aDNA analysis and the results played a large role in the discussion of 

the genetic history of Homo sapiens in Europe (Fu et al., 2016; Mittnik and Krause, 2016). Very 

small amounts of bone material were left over from the aDNA sampling of seven individuals, 

providing the first opportunity to date the human remains directly.  

The aim of this project is to extract collagen from small aliquots of the Dolní Věstonice and Pavlov 

human bones for 14C dating and stable isotope analysis. Depending on the pretreatment 

outcome, the samples will be measured with the Aix-MICADAS (graphite targets or the gas ion 

source) to obtain robust radiocarbon dates at the highest level of precision possible.   

This project is published in the Journal of Archaeological Science: Reports: H. Fewlass, S. Talamo, 

B. Kromer, E. Bard, T. Tuna, Y. Fagault, M. Sponheimer, C. Ryder, J.J. Hublin, A. Perri, S. Sazelova, 

J. Svoboda. (2019) Direct radiocarbon dates of mid Upper Palaeolithic human remains from Dolní 

Věstonice II and Pavlov I, Czech Republic. Journal of Archaeological Science: Reports 27, 102000 

 

Chapter 5 - Project 4 

Pretreatment and dating of small human bone fragments from Bacho Kiro Cave, 

Bulgaria 

The stratigraphic sequence at Bacho Kiro Cave, Bulgaria, contains an Initial Upper Palaeolithic 

(IUP) assemblage which is considered by some to represent one of the earliest occupations of 

Europe by Upper Palaeolithic Homo sapiens (Kozłowski, 1982; Hublin, 2015). Radiocarbon dates 

from excavations in the 1970s produced results that were inconsistent with the stratigraphic 
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sequence. New excavations (2015-2019) have been established at the site to provide new 

material for analysis (14C dating, ZooMS, aDNA, zooarch and lithic analysis). During ZooMS 

screening of the faunal collection, four fragments of human bone from the IUP layer were 

identified, in addition to two fragments of human bone from the overlying Upper Palaeolithic 

layers. The small IUP human bone fragments present the first opportunity to directly radiocarbon 

date Homo sapiens remains securely associated with an IUP assemblage but sample material is 

very limited. 

Small fragments (<100 mg) of the six human bones from Bacho Kiro Cave will be pretreated to 

obtain collagen for radiocarbon dating and isotopic analysis (chapter 4). In order to cross-check 

the 14C results, the Upper Palaeolithic human bone fragments will be dated with both graphite 

targets and the CO2 dating method.  

Furthermore, rigourous methods of sample selection, pretreatment and 14C measurement will 

be applied to a large sample of faunal bone spanning the site stratigraphy in order to establish a 

robust, high precision radiocarbon chronology for the eponym site.   

This project is under review at Nature Ecology and Evolution: H. Fewlass, S. Talamo, L. Wacker, 

B. Kromer, T. Tuna, Y. Fagault, E. Bard, S. McPherron, V. Aldeias, R. Maria, N.L. Martisius, L. 

Paskulin, Z. Rezek, V. Sinet-Mathiot, S. Sirakova, G. Smith, R. Spasov, F. Welker, T. Tsanova, N. 

Sirakov, J.J. Hublin. New 14C chronology for Middle–to–Upper Palaeolithic transition at Bacho Kiro 

cave, Bulgaria. Nature Ecology & Evolution. 

 

 

Chapter 6 – Conclusion  

The final section of this dissertation will provide a brief conclusion of the outcomes of this study 

and discuss the implications for future applications.  
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ABSTRACT. For many of archaeology’s rarest and most enigmatic bone artifacts (e.g. human remains, bone ornaments, 

worked bone), the destruction of the 500 mg material necessary for direct accelerator mass spectrometry (AMS) dating on 
graphite targets would cause irreparable damage; therefore many have not been directly dated. The recently improved gas 
ion source of the MICADAS (MIni CArbon DAting System) offers a solution to this problem by measuring gaseous 

samples of 5–100 µg carbon at a level of precision not previously achieved with an AMS gas ion source. We present the 
results of the first comparison between “routine” graphite dates of ca. 1000 µg C (2–3 mg bone collagen) and dates from 
aliquots of gaseous samples of <100 µg C (<0.2 mg bone collagen), undertaken with the highest possible precision in mind. 

The experiment demonstrates the performance of the AixMICADAS in achieving reliable radiocarbon measurements from 
<0.2 mg collagen samples back to 40,000 14C BP. The technique has great implications for resolving chronological 

questions for key archaeological artifacts. 
 

KEYWORDS: accelerator mass spectrometry, archaeology, collagen, gas ion source, radiocarbon. 

 
INTRODUCTION 

 
The development of accelerator mass spectrometry (AMS) revolutionized the field of radiocarbon 

(14C) dating by reducing required sample sizes from grams to milligrams. This was an especially 

crucial improvement for the field of archaeology, and for decades the technique has been central 

for establishing reliable chronologies back to 50,000 cal BP (calibrated years before 1950). In 

order to produce enough high-quality collagen for AMS dating on solid targets, current 

pretreatment protocols for archaeological bone samples require ca. 500 mg material for collagen 

extraction, ultrafiltration, and graphitization (Longin 1971; Brown et al. 1988; Ramsey et al. 

2004a; Higham et al. 2006; Talamo and Richards 2011). However, rare and precious bone samples 

of such antiquity (including Middle-Upper Paleolithic human remains, bone tools, worked bones 

and ornaments) are often small or fragmented and the destruction of even 500 mg would result in 

irreparable damage. 
 

Several AMS labs have worked on developing techniques for measuring samples <0.5 mg carbon 
on graphite targets (Pearson 1998; Hua et al. 2004; Santos et al. 2007a; Santos et al. 2007b; Smith 
et al. 2007; Ertun et al. 2005; de Rooij et al. 2010; Genberg et al. 2010; Smith et al. 2010; Delqué-
Količ et al. 2013; Liebl et al. 2013; Walter et al. 2015). However, the latest developments in AMS 
technology now offer an alternative solution for the high-precision measurement of samples of 
100 µg carbon or less. AMS instruments with a gas ion source have offered a practical way to 
measure 14C since the 1980s (Middleton 1984; Bronk and Hedges 1987; Ramsey and Hedges 
1997). The direct measurement of sample CO2 in a gas ion source cuts out the graphitization step, 
reducing the required sample size and risk of contamination while speeding up the dating 
procedure, making it a highly attractive prospect. Although successful in measuring 14C of small 
samples in environmental applications, the low ion currents obtained during initial use (<5 µA 
compared to currents of >40 µA using graphite) meant that the precision required for 
archaeological questions was not possible (Ramsey et al. 2004b; Uhl et al. 2005). However, AMS 
has considerably improved over the past decade.  
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The MICADAS (MIni CArbon DAting System), the first compact AMS with a hybrid ion source, 

was developed at ETH Zurich (Ruff et al. 2007; Synal et al. 2007). Initial use demonstrated the 

extraordinary reproducibility and stability of the instrument, and thus its suitability for high-

precision measurement (Wacker et al. 2010b). Measurements over a 2-yr period in Zurich indicated 

that contamination issues were much smaller for gaseous samples compared to small graphite 

samples, as well as more constant (Ruff et al. 2010a). Following several years of operation, the gas 

ion source was updated for increased precision (Fahrni et al. 2013). The MICADAS offers a way to 

measure gaseous samples of 5–100 µg carbon (Wacker et al. 2013b), and the newest improvements 

resulted in a more than threefold increase of the ion current (15–20 µA) compared to the previous 

versions, essential for precision (Fahrni et al. 2013; Hendriks et al. 2016). 
 

These gas ion sources have thus far been utilized for the measurement of small (<100 µg carbon) 

and ultra-small (<10 µg carbon) samples of gaseous carbon from ice samples (Hoffmann 2016), 

aerosols (Zhang et al. 2015; Bonvalot et al. 2016) and carbonates (Wacker et al. 2013a; Bard et al. 

2015) where samples sizes were small (generally <30 µg C) but precision was not of highest 

concern. On the contrary, the gas ion source of the MICADAS has neither been tested for samples 

towards the limit of the method e.g. Middle-Upper Paleolithic transition, nor for collagen samples. 
 

Our primary goal for this present study was therefore to test the instrument capabilities using this 

updated measurement technique specifically for collagen samples toward the 14C limit. In order to 

test the precision and accuracy achievable across the range of the 14C method, we converted collagen 

from medieval human bone and Pleistocene faunal bone samples to CO2 using three different 

preparatory techniques and dated them using the gas interface system (GIS) coupled to the gas ion 

source of AixMICADAS (Bard et al. 2015). We present here a comparison of “routine” 2–3 mg 

collagen dates (≥1000 µg carbon on graphite targets) with dates from small gaseous samples of 

<100 µg carbon, demonstrating the reliable measurement of precise 14C dates across the breadth of 

the method with a greater than tenfold decrease in sample size. 

 

METHODS 
 

Archaeological Samples 
 

We selected a human bone and a human tooth sample from two early medieval burial contexts in 

San Martino and Palazzo Fulcis, Northern Italy. In order to test the method on samples of 

Pleistocene age we selected mammoth and bison bones from Brown Bank on the North Sea plains. 

These samples were previously described and dated by Talamo and Richards (2011). 

 

Pretreatment 
 

Many preparation issues concerning collagen yield, contamination, reproducibility, and blanks are 

associated with the extraction of small bone samples (<100 mg). However, as this paper focuses on 

the AMS measurement techniques, initially a large quantity of collagen was prepared as outlined 

below, and from these batches microgram-size samples were selected for MICADAS analysis. This 

strategy was adopted to allow us to differentiate between the instrumental limitations and those 

associated with the pretreatment of small bone samples. Pretreatment of <100 mg bone samples will 

be discussed elsewhere (Fewlass et al. in prep.). 
 

Bones (500–700 mg material) were pretreated in the Department of Human Evolution at the Max 

Planck Institute for Evolutionary Anthropology in Leipzig, Germany (lab code: R-EVA), 
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following our standard collagen pretreatment protocol: acid-base-acid followed by ultrafiltration 

(Talamo and Richards 2011). In order to monitor contamination introduced during the pretreatment 

stage, a background cave bear bone (R-EVA 800) kindly provided by D. Döppes (Mannheim, 

Germany) was extracted with each batch of samples (throughout we refer to measurements of this 

bone as “background,” in contrast to “blank,” which refers to blank instrumental levels). Elemental 

and stable isotopic data (C% and N% content, C:N, δ13C, and δ15N) of extracted collagen from all 

samples was measured in-house at the MPI-EVA. Collagen yields were sufficiently high from all 

samples to allow the collagen to be split into multiple aliquots and submitted for dating using a 

range of techniques (Table 1). 

 
Graphitization 

 
Our initial step was to date the collagen via our regular dating routine. In order to obtain independent 

dates, collagen was sent to two AMS laboratories. Ca. 5 mg collagen from each sample was weighed 

into pre-cleaned tin cups at the MPI-EVA and sent to the Klaus-Tschira-AMS facility in Mannheim, 

Germany (lab code: MAMS). The samples were combusted in an elemental analyzer (EA) and CO2 

was converted catalytically to graphite. The samples were dated using the MICADAS-AMS 

(Kromer et al. 2013). The error calculation was performed using BATS software (Wacker et al. 

2010a), with background collagen samples and standards used for the age calculation of the 

unknown samples, plus an added external error of 1‰, as per their standard practice (R. Friedrich, 

personal communication). 

 

Collagen was also measured at the Centre de Recherche et d’Enseignement de Geosciences de 

l’Environnement (CEREGE) in Aix-en-Provence, France (lab code: AIX), where two samples of 

ca. 2 mg collagen from each bone were weighed into tin cups and graphitized using the AGE III 

(Automated Graphitization Equipment, IonPlus AG, Switzerland) (Wacker et al. 2010c) and dated 

using the AixMICADAS (Bard et al. 2015). Oxalic acid standards and background collagen samples 

run in the same batch were used in the age calculation of the unknown samples. An additional 

external error of 1‰ was also propagated in the uncertainty calculation. 
 

Conversion to CO2  
We employed three methods of extracting and purifying CO2 from collagen in order to monitor 
sources of contamination and identify the optimum route. 

 
Method 1. CEREGE in Aix-en-Provence: EA directly coupled to the gas ion source via 

zeolite trap 
 

Four collagen aliquots (each 170 µg) from each bone sample were weighed into cleaned (800°C, 2 

hr) silver cups. These were placed into the auto-sampler of an Elementar Vario MICRO cube EA 

(Elementar Analysensysteme GmbH, Germany) directly coupled to the gas ion source of the 

AixMICADAS via a gas interface system (GIS). Following combustion, sample CO2 was adsorbed 

on a zeolite trap. After heating of the trap, the CO2 was released and expanded to the syringe of the 

GIS (Ruff et al. 2010b; Wacker et al. 2013b). 

 
Method 2. MPI-EVA in Leipzig: EA coupled to cryogenic gas collection system 

 
For the second method of CO2 preparation, collagen was converted to CO2 at the MPI-EVA using 

a SerCon ANCA SL EA coupled to an Oxford gas collection system. From each sample four 

aliquots of 170 µg collagen were weighed out on a microbalance into cleaned (800°C, 2 hr) silver 

cups and placed in the auto-sampler of the EA. Samples were combusted and CO2 and N2 were 

separated. A small proportion of CO2 and N2 gas was diverted for isotopic measurement 
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in a SERCON 20-20 mass spectrometer. The rest of the CO2 was diverted to the gas collection 

system where it was cryogenically purified and trapped into borosilicate glass ampoules (80 mm 

length, 4 mm diameter) which were flame-sealed. These ampoules were then measured by means 

of the cracker of the AixMICADAS in Aix-en-Provence (Wacker et al. 2013b). Phthalic acid 

(≥99.5%) blank samples were run prior to and following sample runs. Blanks (cleaned silver cups) 

were run between aliquots to monitor instrumental contamination and purge the system. 

 

Method 3. University of Heidelberg: sealed tube combustion and vacuum line 
 

The extraction and purification of CO2 from bone collagen was also achieved manually using a 

vacuum line at the Institute of Environmental Physics, University of Heidelberg, adapted from the 

CARMEN (Carbon AeRosol Muffel Extraction liNe), designed by Hammer (2003) for aerosol 

filters. This method was carried out for background and medieval samples only due to time 

constraints. Silver wool was inserted to the bottom of cleaned quartz tubes (150 mm length, 6.5 mm 

internal diameter; 850°C, 2 hr) to catch sulfur and halides during combustion. Collagen was weighed 

out using a microbalance and inserted to the bottom of the quartz tubes. Individual sample tubes 

were inserted into the vacuum line. The line was evacuated while the sample tube was heated to 

70°C. The quartz tube was flooded with oxygen (450–550 mbar) and flame-sealed, as wire-form 

copper oxide was previously found to introduce tiny amounts of carbon to the sample (Hoffmann, 

personal communication). Samples were combusted for 6 hr at 800°C. Quartz tubes were then 

broken in the vacuum line and sample CO2 was isolated from the other combustion products using 

liquid nitrogen (77 K) and acetone dry ice (195 K) cold traps. The CO2 was trapped in a region of 

known volume and quantified through temperature and pressure readings. The sample was then 

cryogenically captured in the final sample ampoule (80 mm length, 4 mm diameter) which was 

flame-sealed, and measured via the cracker of the AixMICADAS. 
 

 

AMS Measurement with the Gas Ion Source of AixMICADAS 
 

Oxalic acid II NIST standards (gas canister) were measured to normalize and correct samples for 

fractionation and blank CO2 (gas canister) was measured to purge the system and check the blank 

level of AixMICADAS in gas configuration prior to measurement of samples (0.4 pMC threshold) 

(not used in sample age calculation). Samples containing carbonate reference material (blank IAEA-

C1) were run prior to samples of method 1 to begin the measurement of old samples under optimal 

conditions. The different samples were measured in order of increasing activity (i.e. from oldest to 

youngest), as per standard procedure (Wacker et al. 2013a). Sample CO2 released from the ampoules 

or zeolite trap was expanded to the syringe where it was mixed with He (5% CO2). The mixture was 

introduced to the gas ion source at a flow rate of ca. 2 µg C/min. The system was flushed with 

helium between samples. The target magazine can hold up to 39 new titanium (Ti) gas targets which 

can be changed during measurement. Targets were pre-sputtered for ca. 2 minutes in the ion source 

to remove any remaining surface contamination before the sample CO2 injection. All steps of the 

process were fully controlled via the gas-interface handling software. In the software BATS 

(Wacker et al. 2010a) the uncorrected background collagen samples (cave bear bone R-EVA 800) 

were used in the age calculation of the four unknown archaeological samples (shown in Tables 3–

6). 
 

The gas ion source of the MICADAS has been predominantly used for measuring samples limited 

by C amount (<30 µg C), whereas for collagen samples a reduction in sample size to 50–100 µg C 

still represents a sizeable decrease compared to standard dating on graphite targets (>500 µg C). 

Therefore, for this exploratory test relatively large samples were combusted in order to reach 
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maximum precision. However, as any C above the limit of 100 µg C in the syringe after combustion/ 

cracking leads to a flushing of excess sample, only around 170 µg collagen (ca. 70–80 µg C) was 

measured out. During measurement only 30–40 µg C was consumed for the AMS due to a typical 

degradation of the Ti target performance (Fahrni et al. 2013) and the rest was lost. In future we 

would measure out a suitable sample size (30–40 µg C in 70–80 µg collagen) for one target. The 

measurement of a large sample (>40 µg C) over a second or even a third Ti target has been 

performed on carbonate samples using the AixMICADAS with positive outcomes (Fagault et al. 

2017; Tuna et al. 2017). Although this was not carried out for collagen samples during this 

preliminary study, such a strategy is an interesting avenue for further exploration. 

 
RESULTS AND DISCUSSION 

 
Preservation 

 
For all samples the elemental and stable isotopic data indicate well-preserved collagen, and are well 

within the acceptable range (C:N = 2.9–3.6) (van Klinken 1999) (Table 1). All samples produced a 

collagen yield of >10%, confirming a high level of preservation, hence their suitability for dating 

(Ambrose 1990; van Klinken 1999) (Table 1). 

 
Dating on Graphite Targets 

 
The results of samples measured on solid targets in the two labs, MAMS and AIX, are in agreement 

(Table 2; Figure 1). The Italian samples date to the early medieval period as expected from the 

archaeological context. The dates of the mammoth bone fall perfectly within the range found 

previously (Talamo and Richards 2011). The ages of the bison bone reported here are the oldest yet 

for this specimen. The oldest dates obtained by Talamo and Richards (2011) were >44,800 BP 

(conventional 14C yr before AD 1950) from collagen extracted, ultra-filtered, graphitized and dated 

at the Oxford Radiocarbon Accelerator Unit (ORAU) and from collagen extracts pretreated at the 

MPI-EVA and subsequently graphitized and dated at ORAU (47,300 +910/–820 BP) and MAMS 

(47,000 +1190/–1040 BP). All measurements in the previous study were also corrected for collagen 

extraction backgrounds and standards measured in the same batch. The older ages of the bison bone 

obtained on graphite targets in this study may be a reflection of the updated pretreatment method 

now employed at the MPI-EVA, as well as stringent contamination criteria observed at MAMS and 

AIX during the graphitization 
 

 
Table 1 Elemental and stable isotopic data (C%, N%, C:N, δ13C and δ15N), and collagen yields of 
the collagen extracts measured in-house at the MPI-EVA on a ThermoFinnigan Delta V Advantage 
isotope ratio mass spectrometer coupled to a Flash 2000 EA. Stable carbon isotope ratios were 
expressed relative to VPDB (Vienna PeeDee Belemnite) and stable nitrogen isotope ratios were 
measured relative to AIR (atmospheric N2), using the delta notation (δ) in parts per thousand (‰). 
Repeated analysis of both internal and international standards indicates an analytical error of 0.2 ‰ 
(1σ) for δ13C and δ15N.  
 MPI-EVA  δ13C δ15N    Collagen  
Material lab code Site ‰)        (‰) C% N% C:N    (%)  
           

Background R-EVA 800.30 Austria −21.1 0.0 46.7 17.1 3.2 14.1  
Cave bear bone R-EVA 800.33 Austria −21.3 −0.2 46.4 17.5 3.1 7.6  

Bison bone R-EVA 124.43 North Sea Plains −20.0 3.3 45.9 17.2 3.1 11.7  

Mammoth bone R-EVA 123.53 North Sea Plains −21.1 7.1 45.6 16.9 3.2 11.2  

Human tooth R-EVA 1516.1 Belluno Palazzo Fulcis −16.5 9.7 44.8 16.4 3.2 17.7  

Human bone R-EVA 1489.1 San Martino Lundo Lomaso −16.4 8.8 45.4 16.7 3.2 17.9  
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Table 2 Results from collagen samples measured on graphite targets at MAMS and AIX. Both labs used 12C currents on graphite targets in the order 

of 40 µA (low energy side). In Aix, the collagen background measurements (R-EVA 800) had a standard deviation of 0.01 pMC (5%). Rather than 

propagating this variation in the error calculation of the unknown samples, a conservative value of 0.04 pMC (20%) was used based on observed 

long-term reproducibility of Phthalic acid standards. An additional 0.1 pMC relative variability was included in the error propagation to take into 

account the long-term variation on OXA2 standards. In MAMS, samples were corrected for collagen back-ground measurements (cave bear R-

EVA 800) and standards run in the same batch using BATS software, with an added external error of 0.1 pMC as per their standard practice. 

Asymmetrical age uncertainties are shown where pMC ≤ error × 10. All ages >15,000 BP are rounded to nearest 10 yr.  
 
     MAMS     AixMICADAS  
              

 MPI-EVA     14
C age      14

C age  
Material lab code Lab code pMC ± BP (yr) ± (yr) Lab code pMC ± BP (yr) ± (yr) 
            

Background R-EVA 800.30 MAMS-26330 0.27 0.02 47430 480 Aix-12001.1.2 0.21 0.01 49630 410 
cave bear bone*  MAMS-26331 0.27 0.02 47590 470 Aix-12001.1.3 0.22 0.01 49310 400 
(used in correction of  MAMS-26332 0.33 0.02 45920 470       

unknown samples)    weighted mean 47020 270       

 R-EVA 800.33 MAMS-26878 0.20 0.01 50120 600 Aix-12000.1.2 0.20 0.01 49990 360 
        Aix-12000.1.3 0.19 0.01 50280 370 
          weighted mean 49850 190 
Bison bone R-EVA 124.43 MAMS-26877 0.19 0.04 50150 +2080/−1650  Aix-12002.1.2 0.22 0.04 49300 +1610/−1340 
        Aix-12002.1.3 0.23 0.04 48800 +1530/−1290 
          weighted mean 49040 +1040/−920 
Mammoth bone R-EVA 123.53 MAMS-26876 1.4 0.05 34360 300 Aix-12003.1.1 1.38 0.04 34390 240 
        Aix-12003.1.2 1.40 0.04 34320 240 
          weighted mean 34350 170 
Human tooth R-EVA 1516.1 MAMS-26328 83.6 0.2 1436 23 Aix-12005.1.1 82.99 0.18 1498 18 
        Aix-12005.1.2 83.38 0.18 1460 18 
          weighted mean 1479 13 
Human bone R-EVA 1489.1 MAMS-26317 83.2 0.2 1481 23 Aix-12004.1.1 83.07 0.18 1490 17 
         Aix-12004.1.2 83.28 0.18 1470 17 
          weighted mean 1480 12   
*R-EVA 800.30 and R-EVA 800.33 represent two separate collagen extractions from one bone (R-EVA 800). R-EVA 800.30 was extracted alongside the medieval samples, and R-

EVA 800.33 was extracted alongside the Paleolithic samples. 
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Figure 1 Comparison of graphite dates from MAMS and AixMICADAS against the CO2 weighted 

mean dates and weighted errors (error 2 in Tables 3–5) of replicates for the four bone samples: (a) R-

EVA 124.43, (b) R-EVA 123.53, (c) R-EVA 1516.1, and (d) R-EVA 1489.1. MAMS graphite dates 

are the results of a single run, whereas AixMICADAS graphite dates are the weighted mean of two 

replicates, shown in Table 2. Errors are shown to 1σ. In part (d) the mean value for method 3 is 

somewhat older and less precise than all other values. This mean for method 3 is only based on two 

replicates, which are not overlapping at 1σ: 1521 ± 80 and 1708 ± 100 BP. The first replicate agrees 

with those of other methods, while the second and older value is clearly an outlier. More data and 

work are needed to decipher the cause of this. 

 

process, and further instrumental improvements. We conclude that the agreement between results 

of large samples measured on solid targets at MAMS and with the AixMICADAS provide a suitable 

reference dataset for comparison to small gaseous samples measured with the gas ion source of 

AixMICADAS. 
 

CO2 Dating 
 

Tables 3–5 show the results of measurements of collagen CO2 samples, prepared via three different 

techniques (methods 1–3). Results are shown in both 14C years and percent modern carbon (pMC = 

F14C × 100). The first error column (error 1) in the tables shows the error calculated in BATS 

(Wacker et al. 2010a) propagating only the variance of the standards and collagen backgrounds 

included in the same batch as the samples. A second error (error 2 column in Tables 3–5) has also 

been calculated based on observed data. This added external error has been calculated from the long 

term variabilities observed on CO2 blanks (0.1 pMC long-term standard deviation of blanks is used 

as the absolute blank error) and oxalic acid standards (3.5‰ relative error added). While the 

minimal error propagation of the first error column is optimistic, the second column may represent 

an overestimation of error as these measurements were made over a short period of time. A 

comparison of dates from each method is shown in Figure 1, using the weighted means and weighted 

errors (error 2) of the data in Tables 3–5. 
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Table 3 Results of AMS measurements using the gas ion source of AixMICADAS for collagen CO2 samples prepared via method 1. The background cave bear 
concentrations have been subtracted from all four unknown samples, including the bison bone. The measured mass shows the amount of carbon (µg) trapped in 
the syringe after expansion; in reality only 20–40 µg C was used for each measurement. All errors are shown to 1σ: the error 1 column shows the minimal error, 
corrected for standards and backgrounds measured in the same batch. The error 2 column includes an external error taking into account long-term variability on 
standards (3.5‰ relative error added) and blanks (the 0.1 pMC long term standard deviation of blanks is used as the absolute blank error). The results with lab 
codes including asterisks (*) were measured as preliminary runs of limited duration which explains their lower precision and higher scatter (hence, error 2 is equal 
to error 1). Asymmetrical age uncertainties are shown where pMC ≤ error × 10. “Older than” ages have been calculated at 2σ, according to convention in van der 
Plicht and Hogg (2006). All ages >15,000 BP are rounded to nearest 10 yr.   

Method 1: EA directly coupled to the gas ion source via zeolite trap   
 MPI-EVA AIX Measured Run  Error 1 Error 2 

14
C age Error 1 Error 2 

Material lab code lab code mass (C µg) time (s) pMC pMC ± pMC ± BP (yr) (yr) (1σ) (yr) (1σ) 
           

Background cave bear bone R-EVA 800.33 Aix-12000.2.1* 88 374 0.72 0.11  39580 +1320/−1140  
(used in correction of R-EVA 800.33 Aix-12000.2.2* 92 446 0.74 0.10  39450 +1170/−1020  

unknown samples) R-EVA 800.33 Aix-12000.2.3* 96 446 0.53 0.07  42120 +1140/−1000  

 R-EVA 800.33 Aix-12000.5.4 87 576 0.61 0.05  40950 660  

 R-EVA 800.30 Aix-12001.5.1 84 403 0.66 0.06  40290 760  

 R-EVA 800.30 Aix-12001.5.2 86 748 0.68 0.05  40130 570  

   weighted mean 0.64 0.03  40550 330  

Bison bone R-EVA 124.43 Aix-12002.4.1 84 331 0.11 0.10 0.12  >46400 >45430 
  Aix-12002.4.2 89 561 0.21 0.08 0.11 49530 +3850/−2590 >43770 
  Aix-12002.4.3 80 547 0.24 0.09 0.11 48610 +3780/−2560 +4930/-3030 
  Aix-12002.4.4 74 547 0.22 0.08 0.11 48980 +3630/−2490 >43590 
   weighted mean 0.20 0.04 0.06 49890 +1790/−1460 +2690/-2010 
Mammoth bone R-EVA 123.53 Aix-12003.2.1* 89 418 1.32 0.18 0.18 34750 +1180/−1030 +1180/-1030 
  Aix-12003.2.2* 96 475 1.25 0.17 0.17 35210 +1170/−1020 +1170/-1020 
  Aix-12003.2.3* 96 575 1.41 0.15 0.15 34250 +900/−810 +900/-810 
  Aix-12003.5.1 89 490 1.41 0.11 0.13 34260 620 750 
  Aix-12003.5.2 78 590 1.31 0.10 0.13 34820 620 770 
  Aix-12003.5.3 75 993 1.33 0.08 0.11 34710 510 675 
  Aix-12003.5.4 98 633 1.41 0.11 0.13 34260 630 760 
   weighted mean 1.35 0.04 0.05 34570 260 310 
Human tooth R-EVA 1516.1 Aix-12005.3.1 71 619 83.25 0.61 0.69 1473 59 67 
  Aix-12005.3.2 72 590 83.07 0.68 0.75 1490 65 73 
  Aix-12005.3.3 69 978 82.88 0.51 0.60 1508 49 59 
  Aix-12005.3.4 69 431 84.11 0.69 0.77 1390 66 73 
   weighted mean 83.25 0.30 0.35 1473 29 33 
Human bone R-EVA 1489.1 Aix-12004.3.1 84 561 84.00 0.72 0.79 1401 68 75 
  Aix-12004.3.2 74 561 82.65 0.67 0.74 1530 65 72 
  Aix-12004.3.3 77 921 83.03 0.53 0.62 1494 51 60 
  Aix-12004.3.4 74 633 84.34 0.59 0.68 1368 56 65 
   weighted mean 83.50 0.31 0.35 1450 30 33 
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Table 4 Results of AMS measurement using the gas ion source of AixMICADAS for collagen CO2 samples prepared via method 2. Columns: 
see Table 3.   

Method 2: EA coupled to cryogenic gas collection system  
 
   Measured Run    

14
C age 

  
 

 MPI-EVA AIX mass time  Error 1 Error 2 Error 1 Error 2 
 

Material lab code lab code (C µg) (s) pMC pMC ± pMC ± BP (yr) (yr) (1σ) (yr) (1σ) 
 

Background cave bear bone R-EVA 800.33 Aix-12000.3.1 75 475 0.64 0.06  40560 700  
 

(used in correction of R-EVA 800.33 Aix-12000.3.2 74 489 0.73 0.07  39550 770  
 

unknown samples) R-EVA 800.30 Aix-12001.2.1 61 504 0.69 0.06  39980 740  
 

 R-EVA 800.30 Aix-12001.2.2 76 417 0.54 0.07  41910 +1120/−980  
 

 R-EVA 800.30 Aix-12001.2.4 81 403 0.59 0.07  41280 +1010/−900  
 

   weighted mean 0.64 0.03  40590 360  
 

Bison bone R-EVA 124.43 Aix-12002.2.2 69 561 0.29 0.09 0.11 47080 +2980/−2170 +3830/−2580 
 

  Aix-12002.2.3 77 633 0.08 0.09 0.11  >47810 >46660 
 

  Aix-12002.2.4 77 576 0.21 0.09 0.11 49420 +4500/−2870 >43770 
 

   weighted mean 0.19 0.05 0.06 50350 +2450/−1880      +3050/−2200 
 

Mammoth bone R-EVA 123.53 Aix-12003.3.1 67 576 1.16 0.11 0.13 36120 800 +950/−850 
 

  Aix-12003.3.2 79 504 1.25 0.11 0.13 35180 720 +880/−790 
 

  Aix-12003.3.3 81 547 1.26 0.12 0.13 35140 760 +870/−790 
 

  Aix-12003.3.4 69 561 1.42 0.12 0.13 34160 670 750 
 

   weighted mean 1.26 0.06 0.06 35160 370 410 
 

Human tooth R-EVA 1516.1 Aix-12005.2.1 69 489 82.45 0.88 0.92 1561 86 90 
 

  Aix-12005.2.2 74 403 82.29 0.95 0.99 1577 93 96 
 

  Aix-12005.2.3 67 532 83.60 0.70 0.75 1449 68 72 
 

  Aix-12005.2.4 71 533 82.07 0.70 0.79 1599 73 77 
 

   weighted mean 82.57 0.40 0.42 1540 39 41 
 

Human bone R-EVA 1489.1 Aix-12004.4.1 71 547 82.43 0.75 0.79 1563 73 77 
 

  Aix-12004.4.2 79 576 83.00 0.76 0.80 1507 73 78 
 

  Aix-12004.4.3 74 590 83.60 0.73 0.77 1449 70 74 
 

  Aix-12004.4.4 72 561 83.87 0.74 0.77 1424 71 75 
 

   weighted mean 83.12 0.37 0.39 1485 36 38 
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Table 5 Results of AMS measurement using the gas ion source of AixMICADAS for collagen CO2 samples prepared via method 3. Columns: 

see Table 3. A limited samples set was prepared using this method due to time constraints.   
Method 3: sealed tube combustion and vacuum line  

 
   Measured     

14
C age 

  
 

 MPI-EVA AIX mass   Error 1 Error 2 Error 1 Error 2 
 

Material lab code lab code (C µg) Run time (s) pMC pMC ± pMC ± BP (yr) (yr) (1σ) (yr) (1σ) 
 

Background cave bear bone R-EVA 800.30 Aix-12001.4.1 101 835 0.42 0.04  43950 750  
 

(used in correction of R-EVA 800.30 Aix-12001.4.2 61 533 0.50 0.04  42620 710  
 

unknown samples)   

weighted mean 0.45 0.03 
 

43340 520 
 

 

     
 

Human tooth R-EVA 1516.1 Aix-12005.4.1 99 461 81.72 0.97 1.03 1623 96 102 
 

  Aix-12005.4.2 51 878 82.40 0.67 0.75 1557 65 73 
 

  Aix-12005.4.4 51 345 83.30 0.83 0.90 1469 80 87 
 

   weighted mean 82.51 0.46 0.50 1544 45 49 
 

Human bone R-EVA 1489.1 Aix-12004.5.1 48 504 82.76 0.75 0.82 1521 73 80 
 

  Aix-12004.5.2 101 461 80.86 0.96 1.02 1708 95 101 
 

   weighted mean 82.03 0.59 0.64 1591 58 63 
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Comparison between AMS Measurements 

 
The results agree between measurements on graphite targets and gaseous collagen samples for all 
four samples, as seen in Figure 1. The dates between replicates are internally consistent for all 
samples prepared via methods 1 and 2 (Tables 3 and 4) (chi2 test, p > 0.05 in all cases; Ward and 
Wilson 1978) and the weighted mean ages for each of the gas methods are statistically identical for 
all four samples (Mann-Whitney U test, p > 0.05 in all cases). 

 
The background collagen samples (R-EVA 800) averaged 0.65 pMC for method 1 and 0.6 pMC for 

method 2 (see Table 6), both with a standard deviation (1σ) of 0.07 pMC, well within the long-term 

variability (0.1 pMC) observed on standards measured with the gas ion source. The same 

background collagen measured on graphite targets in Aix averaged 0.2 pMC with a standard 

deviation of 0.01 pMC. 

 
Table 6 Comparison of AMS measurements obtained from the background cave bear bone R-EVA 
800 for each method. R-EVA 800.30 and 800.33 denote two collagen extractions from the same 
bone; R-EVA 800.30 was extracted alongside the medieval samples, and R-EVA 800.33 was 
extracted alongside the Paleolithic samples. At MAMS, R-EVA 800.30 was used for background 
correction of the graphite measurements of the medieval samples and R-EVA 800.33 was used for 
background correction of the bison and mammoth samples as these batches were run on separate 
occasions. In Aix, measurements performed with AixMICADAS on samples R-EVA 800.30 and 
800.33 were both used for background correction of the bison, mammoth and medieval human 
samples, measured on graphite or CO2 gas, as all samples were measured in the same batch. 
Asymmetrical age uncertainties are shown where pMC ≤ error × 10. All ages >15,000 BP are 
rounded to nearest 10 yr.   

 MPI-EVA AMS   14
C age Error 

Method lab code lab code pMC ± BP (yr) (yr) (1σ) 

Graphite R-EVA 800.30 Aix-12001.1.2 0.21 0.01 49630 410 

 R-EVA 800.30 Aix-12001.1.3 0.22 0.01 49310 400 

 R-EVA 800.33 Aix-12000.1.2 0.20 0.01 49990 360 

 R-EVA 800.33 Aix-12000.1.3 0.19 0.01 50280 370 

  weighted mean 0.20 0.005 49850 190 

 R-EVA 800.30 MAMS-26330 0.27 0.02 47480 480 

 R-EVA 800.30 MAMS-26331 0.27 0.02 47630 470 

 R-EVA 800.30 MAMS-26332 0.33 0.02 45970 470 

 R-EVA 800.33 MAMS-26878 0.20 0.01 50120 600 

  weighted mean 0.28 0.01 47200 250 

Gas Method 1 R-EVA 800.30 Aix-12001.5.1 0.66 0.06 40290 760 

 R-EVA 800.30 Aix-12001.5.2 0.68 0.05 40130 570 

 R-EVA 800.33 Aix-12000.5.4 0.61 0.05 40950 660 

  weighted mean 0.64 0.03 40460 330 

Gas Method 2 R-EVA 800.30 Aix-12001.2.1 0.69 0.06 39980 740 

 R-EVA 800.30 Aix-12001.2.2 0.54 0.07 41910 +1120/−980 

 R-EVA 800.30 Aix-12001.2.4 0.59 0.07 41280 +1010/−900 

 R-EVA 800.33 Aix-12000.3.1 0.64 0.06 40570 700 

 R-EVA 800.33 Aix-12000.3.2 0.73 0.07 39550 770 

  weighted mean 0.65 0.03 40590 360 

Gas Method 3 R-EVA 800.30 Aix-12001.4.1 0.42 0.04 43950 750 

 R-EVA 800.30 Aix-12001.4.2 0.50 0.04 42620 710 

  weighted mean 0.45 0.03 43340 520 
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Although the results for the collagen background (R-EVA 800) are statistically the same between 

methods 1 and 2, those from method 3 are not, being older by ca. 3000 14C yr (0.2 pMC lower). 

This may relate to the absence of C contribution from the silver cups used for sample combustion 

in methods 1 and 2. It is clear that one of the two aliquots of the medieval human bone (R-EVA 

1489.1) prepared using method 3 is an outlier (Aix-12004.5.2: 1708 ± 101 BP) compared to all other 

measurements for this bone, with the two replicates not overlapping at 1σ (Table 5). Due to this 

outlier the weighted mean for method 3 is older than the weighted means of methods 1 and 2 (Figure 

1d). This aliquot was prepared in the Heidelberg vacuum line following the first preparation of the 

same bone (Aix-12004.5.1), interspersed with overnight evacuation of the system. Likewise, the 

outlier was measured with the GIS following Aix-12004.5.1. It is therefore unlikely that the older 

age is a result of a memory effect from an older sample. As the method 3 data set is limited, further 

analysis of small samples prepared via method 3 will be undertaken to expand the data set and 

explore the phenomenon observed in the “cleaner” collagen backgrounds. The results agree within 

statistics between the graphite and CO2 techniques (methods 1 and 2) for the medieval samples and 

for the mammoth bone at ca. 34,500 BP (calibrated age ca. 39,000 cal BP), with low error ranges. 

 

As shown by the graphite measurements in Table 2, the bison bone is very close to the cave bear 

background value (ca. 0.2 pMC). In Tables 3–4, the bison gas analyses are corrected for a more 

sizable background value (ca. 0.65 pMC). Consequently, the CO2 results vary widely between 

replicates although this variation is still within the quoted 1σ errors (see Tables 3 and 4). Never-

theless, after propagation of the blank scatter in the error calculation (error 2 discussed above), the 

gas measurements (weighted mean and error of 50120 +2950/–2150 BP for the 7 replicates in Tables 

3 and 4) are compatible with those performed on solid graphite (49,040 +1040/–920 BP based on 

duplicates in Table 2) at the limit of the 14C timescale. In any case, this sample suggests that the 

realistic limits of the gas source for relatively precise measurements is ca. 0.6 pMC, equivalent to 

an age of 41,000 BP (and a calibrated age of ca. 44,000 cal BP). Beyond that limit, the 14C can still 

be detected and quantified, but the uncertainty of the background correction dominates accuracy 

and precision. 

 

Precision 
 

Although ion currents remain higher for measurements of large samples on graphite targets (around 

40 µA for these samples on the Low energy side), various modifications to the gas ion source 

(Fahrni et al. 2013), such as the addition and adjustment of the immersion lens, mean that currents 

from the MICADAS gas ion source are now achievable which were impossible eight years ago (in 

the range of 15 µA for this study), and the use of helium as a stripper gas has further increased 

transmission (48% for AixMICADAS in gas configuration). 

 

 

While ca. 80 µg C (170 µg collagen) was weighed into each aliquot for these tests, only 

approximately 30 µg C was consumed during measurement. For future samples, an appropriate 

amount of collagen (ca. 70–80 µg) would be weighed out or measurements could be extended for 

the duration of a second or third titanium target to exhaust the whole sample. With such a reduction 

in sample size (e.g. half the amount combusted in this study), any external carbon in the EA-GIS 

system will make an increased contribution for samples prepared via methods 1 and 2. This will be 

explored in future tests using such sample sizes. 

 

Although a single gaseous measurement of <100 µg C is not yet directly competitive with a 1000 

µg C graphite measurement in terms of error, the level of precision we achieved with one 
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aliquot is still highly applicable for answering many archaeological questions. This is especially 

important for Paleolithic fossils and bone artifacts where 500 mg material is not available for 

sampling. This is demonstrated by the mammoth bone at ca. 34,500 BP, where a single gaseous 

measurement of <0.2 mg collagen has a precision of approximately ±800 yr (error 2). 

 

For this test, four aliquots per sample were measured to test the consistency of the measurements. 

Although we are principally interested in the precision and accuracy we can reliably achieve with 

one run (<100 µg C), when we take the weighted mean and error of the four gaseous replicates for 

method one, the measurement error of the gas technique is more or less comparable with a graphite 

date (see Figure 1). For example, for the mammoth bone, the weighted mean of the four ca. 80 µg 

C (total 320 µg C combusted, ca. 120 µg C consumed) gas samples (method 1) was 34530 ± 300 

BP, while the graphite date from MAMS was 34360 ± 300 BP and from Aix was 34350 ± 170 BP 

(each ca. 1000 µg C). This is especially apparent when con-sidering the calibrated ranges. For the 

medieval tooth, the calibrated range of the weighted mean age and error (1473 ± 33 BP) of the 

method 1 gas samples is 1389–1320 cal BP (1σ) and the weighted mean of the graphite 

measurements (1479 ± 13 BP) from Aix is 1380–1346 cal BP (1σ) (OxCal, v4.2). The strategy for 

dating gaseous samples could therefore be adjusted depending on the level of precision required for 

each individual sample and the amount of material available. 

 

Choice of Optimal CO2 Preparation 
 

The preparation of samples using method 3 is very labor-intensive (overnight combustion is 

followed by around 3 hr of elaborate lab work for the preparation of one sample). However the 

collagen background suggests this may be the “cleaner” route of CO2 preparation and further 

preparations using this method are planned for future tests. The larger data sets from methods 1 and 

2 produced results in good agreement for the background cave bear bone and all four samples. The 

direct coupling of the EA to the gas ion source in method 1 reduces the time for combustion and 

isolation of collagen CO2 to around 10 min per sample, reducing both time investment and 

minimizing handling steps (fully automated process with no sealing step). Considering the 

practicalities alongside the agreement of results between techniques in this study, method 1 is the 

preferable route of sample CO2 isolation, allowing us to go from collagen to a high precision date 

in around an hour per sample (including a series of replicates and flushing). 

 

CONCLUSION 
 

We can now date gaseous samples of bone collagen of <100 µg C due to the improved design of 

the MICADAS hybrid ion source. Consistent agreement between replicate measurements in this 

preliminary study demonstrates the level of accuracy and precision that can be achieved using the 

gas ion source. The results here demonstrate the applicability of the method, particularly for 

Paleolithic bone samples, at least back to 40,000 BP. The directly coupled EA and gas ion source 

offer a fast, efficient method of sample preparation. This study opens the way for the direct dating 

of extremely precious and small archaeological bone objects. 
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archaeological bone 
H. Fewlass1, T. Tuna2, Y.  Fagault2, J.-J. Hublin1, B. Kromer1,3, E. Bard2 & S. Talamo1

 

Radiocarbon dating archaeological bone typically requires 300–1000 mg material using standard 
protocols. We report the results of reducing sample size at both the pretreatment and 14C measurement 
stages for eight archaeological bones spanning the radiocarbon timescale at different levels of 
preservation. We adapted our standard collagen extraction protocol specifically for <100 mg bone 
material. Collagen was extracted at least twice (from 37–100 mg material) from each bone. Collagen 
aliquots containing <100 µg carbon were measured in replicate using the gas ion source of the 
AixMICADAS. The effect of sample size reduction in the EA-GIS-AMS system was explored by measuring 
14C of collagen containing either ca. 30 µg carbon or ca. 90 µg carbon. The gas dates were compared to 
standard-sized graphite dates extracted from large amounts (500–700 mg) of bone material pretreated 
with our standard protocol. The results reported here demonstrate that we are able to reproduce 
accurate radiocarbon dates from <100 mg archaeological bone material back to 40,000 BP. 

 

Bone is one of the most frequently radiocarbon-dated materials recovered from archaeological sites. However, 
many precious archaeological bones, such as human remains or Palaeolithic bone tools, are too small or valuable 
for extensive destructive sampling. The reduction of sample size to enable direct dating of precious bone is there- 
fore a key concern for the archaeological community. 

In the 1960s and 1970s, gas proportional counters required many grams of bone to produce a radiocarbon 
date1,2. The development and utilisation of Accelerator Mass Spectrometers (AMS) in the 1980s represented a 
revolutionary step in the reduction of sample size and time required for dating3. Routine measurements today 
typically require 500–1000 micrograms of carbon (μg C) to produce a high precision date. In recent years, sev- 
eral AMS labs have worked on modifications to the graphitisation and AMS measurement process for smaller 

samples containing <500 μg C4–13. However, the graphitisation of small sample sizes is often time consuming 
and can be prone to large contamination effects14,15. A recent study by Cersoy, et al.16 demonstrated that graphite 
targets containing ca. 200 μg C from archaeological bones can be successfully produced and measured using the 
IonPlus Automated Graphitisation Equipment III (AGE 3)17 and MIni CArbon DAting System (MICADAS)18,19

 

developed at ETH Zurich. However, the hybrid nature of the MICADAS system offers an alternative solution to 

the complex process of graphitising small samples. Organic samples containing <100 μg C can be placed into 
an elemental analyser (EA) directly coupled to the gas ion source of the MICADAS via the gas interface sys- 
tem (GIS)15,18,20–24. The automated system reduces both sample preparation time and the risk of contamination 
through handling, and has been successfully utilised in environmental and climatic applications23,25–28. In our 
preliminary study29 we demonstrated that the gas ion source of the AixMICADAS30 is suitable for dating bone 

collagen CO2 samples of <100 μg C back to 35,000 BP (uncalibrated radiocarbon years before AD 1950). 
However, as sample size is reduced the effect of contamination during pretreatment and measurement 

increases greatly. Sample pretreatment involves the extraction and purification of carbon endogenous to the orig- 
inal bone. Any contamination remaining in the sample at the time of dating can lead to erroneous results. The 
effects become increasingly catastrophic with the increasing age of the sample due to the minute concentrations 

of residual 14C. For example, in a bone extract ca. 40,000 BP, 1% modern carbon contamination would skew the 
resulting 14C age by over 7,000 years. 

 

1Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Deutscher platz 6, D-04103, 
Leipzig, Germany. 2CEREGE, Aix Marseille Univ, CNRS, IRD, INRA, Collège de France, Technopôle de l’Arbois, BP 
80, 13545, Aix-en-Provence, France. 3Institute of Environmental Physics, University of Heidelberg, INF 229, D- 
69120, Heidelberg, Germany. Correspondence and requests for materials should be addressed to H.F. (email: helen_ 
fewlass@eva.mpg.de) 
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It is standard practice to extract the proteinaceous portion of bone for 14C measurement, generally referred to 
as ‘collagen’31. Although collagen forms around 22% weight of modern bone, degradation following death and 
burial makes collagen extraction increasingly challenging with advancing age32. Whilst the minimum threshold 
for reliable 14C dating is generally considered to be 1%32, it is common for the collagen portion of Palaeolithic 

bone to constitute <10% weight. The lower the level of collagen preservation, the more bone must be pretreated 
to obtain sufficient material to assess the quality of the extract (i.e. isotopic and elemental analysis) and for 14C 
dating. Therefore, 300–1000 mg material is commonly sampled for dating Palaeolithic bones. 

The majority of 14C labs follow collagen extraction protocols based on Longin33. This involves demineral- 
isation of either powdered bone or bone chunks using hydrochloric acid (HCl) followed by gelatinisation of the 
collagen in weakly acidic water and freeze-drying of the final extract. Different labs vary in the strength of 
reagents used, the duration of treatments and the inclusion of further decontamination steps. Many studies have 
been published comparing the collagen yields and isotopic values of the various extraction protocols published in 
the literature34–38 as variations in pretreatment conditions can lead to differences in the quantity and quality of the 
final extracts. The addition of an ultrafiltration step, first proposed by Brown, et al.39 has in particular improved 

the accuracy of 14C dating of Palaeolithic bones40; gelatinised samples are filtered to concentrate large (>30 kDa) 
molecules to produce a ‘cleaner’ collagen extract. The technique is not unanimously agreed upon due to the risk 
of contamination from the humectant-coated filter41, the effectiveness of the application37 and the loss of collagen 
during filtration34. However, stringent cleaning steps have been established42–44 and in many cases the re-dating 
of ancient bones with ultrafiltration methods has produced much older dates than previous measurements from 
non-ultrafiltered extracts40,45,46. The collagen pretreatment protocol routinely applied to Palaeolithic bone at the 
Max Planck Institute for Evolutionary Anthropology (MPI-EVA, Leipzig, Germany) is based on a modified 
Longin plus ultrafiltration protocol36 and has a strong track record of obtaining high yields of high quality colla- 

gen from ca. 500 mg samples of Palaeolithic bone47. 

The aim of this study was to determine a suitable method to pretreat <100 mg bone material and further 
investigate if the gas ion source of the AixMICADAS29,30 at CEREGE (Centre de Recherche et d’Enseignement de 
Geosciences de l’Environnement, Aix-en-Provence, France) is suitable for measuring small archaeological bone 
samples with sufficient accuracy and precision. We investigated the effect of sample size reduction at both the pre- 
treatment and gas measurement stages. Tests were performed on a set of eight archaeological bones ranging from 

1% to >10% collagen preservation known to date from >50,000–1,400 BP. Each bone was pretreated multiple 
times from starting weights of 37–100  mg bone material. Each collagen extract was split and dated multiple times 
with the gas ion source of the AixMICADAS to test replicability. The gas dates were compared with graphite dates 
from collagen extracted from >500 mg material of the same bones. We further compared gas dates of ca. 30 μg C 
and ca. 90 μg C to explore the effect of sample size on the blank level of the EA-GIS-AMS system. The results 

demonstrate our ability to obtain accurate and moderately precise radiocarbon dates from <100 μg C extracted 
from 37–100 mg bone material back to 40,000 BP. The methods described will be used to extract and 14C date 
collagen from precious archaeological bone artefacts with minimal sample destruction. 

Results 
Bone pretreatment. Prior to this study, 500 to 700 mg of each bone had been pretreated using our standard 
collagen extraction protocol36. The extracts were analysed by EA-IRMS at the MPI-EVA to assess their suitability 

for dating (C%, N%, C:N, δ13C, δ15N) and were measured at the Klaus-Tschira-AMS lab in Mannheim, Germany 
(lab code: MAMS). The same collagen extracts from R-EVA 1489, R-EVA 123 and R-EVA 124 were also dated at 
the AixMICADAS facility to cross-check the ages29. The results were used as a reference for the preparation of 

small (<100  mg) aliquots of bone. 
Modifications to our standard pretreatment protocol were carried out for five bones (Fig. 1): three relatively 

‘well-preserved’ (>10% collagen preservation) archaeological bones (Fig. 1a,b,e) and two ‘poorly-preserved’ 

bones (<5% collagen preservation) (Fig. 1c,d). Once we had determined the optimum pretreatment protocol for 
<100  mg material, we applied this to three more archaeological samples: R-EVA 1489, R-EVA 1905 and R-EVA 
1860 (two extracts per bone) (pretreatment information shown in Supplementary Dataset S1). 

The standard practice in our lab is to extract large bone aliquots (ca. 500 mg material) as a solid piece. 
Although this method requires a large time investment (demineralisation can take up to four weeks with the HCl 
0.5 M changed twice per week), we observe much higher collagen yields using this technique compared to 

powdered extracts of equal starting weight. Small aliquots (<100  mg) of the test bones were initially pretreated 
as both fine powder and as solid chunks. For solid pieces of bone, in most cases the collagen yield from small 

extracts (<100  mg) equalled or exceeded the collagen yields of large extracts (500–700  mg material) and no dif- 
ference was observed between aliquots of 50 mg bone compared to 70 mg or 100 mg bone material (Fig. 1). In 
contrast, the powdered aliquots of well-preserved bones generally yielded around half the amount of collagen 
compared to solid pieces, in line with our observation for large starting weights of bone. Powdered aliquots from 

the poorly preserved bones either yielded nothing or small amounts (<1 mg) of crumbly yellow material. Due to 
the poor results from the pretreatment of powdered samples, our protocol for small amounts of bone is based on 
the extraction of solid pieces as per our standard protocol for larger aliquots. The pretreatment information for 
powdered extracts is included in the supplementary information. 

We initially applied our standard collagen extraction protocol to <100  mg bone material of the well-preserved 
bones. Three steps of the pretreatment protocol were then modified to see what effect this had on the collagen 
yield and quality of extracts from small bone aliquots (Fig. 1): step (1) the duration of the demineralisation 
stage; step (2) the strength of HCl during the demineralisation stage; step (3) the temperature and duration of 
the gelatinisation stage. Bone collagen yields along with elemental (C%, N% and C:N) and stable isotopic data 
(δ13C and δ15N) were used to evaluate the extracts from the different methods. In addition, Fourier Transform 
Infrared Spectroscopy (FTIR) was used to double check the preservation of the extracted collagen, and to detect 
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Figure 1. Graphs showing the collagen yields from small aliquots of bone according to variations in 
pretreatment conditions: (a) R-EVA 123, (b) R-EVA 124 (c) R-EVA 570, (d) R-EVA 548 and (e) R-EVA 1753. 
Step 1: duration of the demineralisation stage. Step 2: strength of HCl during demineralisation. Step 3: duration 
and temperature of the gelatinisation stage (HCl pH3). In (a–d) the horizontal grey line shows the collagen 

yield from a large aliquot (>500 mg material) of the same bone. A higher number of data points are present for 
R-EVA 1753 (e) as an aliquot of this bone was extracted alongside each batch of samples. The horizontal grey 
band in e shows the range in collagen yield of repeated large extractions from the background bone. The dashed 
lines at 1% show the guideline minimum requirement for reliable 14C dating. Asterisks mark extracts which 
were dated using the gas ion source (see Fig. 3). 
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Figure 2. Summary of bone pretreatment protocols used at the MPI-EVA for large (left) and small (right) bone 
samples. 

 

 

the presence of possible carbon contaminants31,48,49. Detailed pretreatment information for all extracts can be 
seen in Supplementary Dataset S1. 

For the poorly preserved bones (Fig. 1c: R-EVA 570 and Fig. 1d: R-EVA 548) the pretreatment was softened 
in order to minimise collagen loss during the extraction. The weaker HCl (0.2 M) (step 2) and lower gelatinisa- 
tion temperature (60 °C) (step 3) required a greater time investment and did not necessarily increase the yield of 
collagen compared to using stronger acid (HCl 0.5 M) during demineralisation and higher temperatures (70 °C) 
during gelatinisation. For the poorly preserved samples, demineralisation in HCl 0.5 M generally occurred after 

one day (4 °C). As Schoeninger, et al.50 observed that one disadvantage of extracting collagen from solid chunks 

was the tendency for incomplete demineralisation, several extracts were demineralised in HCl 0.5 M for two days. 
This resulted in lower collagen yields for the poorly preserved bones and in the case of R-EVA 548, the yield of 
these extracts was so low that the extracts were affected by C contamination to a large extent. 

During the gelatinisation stage (step 3), the collagen yield was higher from aliquots which were removed from 
the heater block as soon as solubilisation had occurred compared to those left on the heater block for 20 h as per 

our standard protocol for >500  mg. For all bone samples >30,000 BP, solubilisation occurred in <6 h (Fig. 1), 
whereas R-EVA 1489 and R-EVA 1905 required up to 27 h for full solubilisation (Supplementary Dataset S1). 

Of the extracts dated, two (R-EVA 548.13 and R-EVA 548.14) fell close to or under the minimum threshold 
(1%) for reliable 14C dating (Supplementary Dataset S1). There were small variations in elemental values between 
pretreatments of the same bone but all values (Supplementary Dataset S1) fell within the accepted ranges of 
‘well-preserved’ collagen32. The stable isotopic values were in keeping with the palaeodietary expectations for 
each animal and were consistent between extracts. Analysis with FTIR was performed for all collagen extracts; 
each extract dated had a spectra characteristic of well-preserved collagen when compared to library spectra (see 
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Figure 3. 14C gas measurements of small (25–40  μg C) and large (70–100  μg C) aliquots of collagen extracted from 

eight bones (a–h) spanning the 14C time range. Each data point shows the 14C age (BP) and 1σ error (years) of a single 

EA-GIS-AMS measurement. a) Shows the uncorrected measurements of background bone R-EVA 1753 (>50,000 
BP). An aliquot of this bone was prepared alongside every batch of samples from sampling to measurement to 
monitor contamination introduced during sample preparation. These measurements were used in the age calculation 

of the other archaeological samples (b–h), according to session, size (small or large) and type (solid bone extract). The 
arithmetic mean and associated SD of system blank (IAEA-C1/phthalic anhydrite) measurements are shown as a solid 
horizontal blue line and dashed blue lines respectively for large 80–100  μg C measurements and as a solid horizontal 
grey line and dashed grey line for small 25–40 μg C measurements. For all gas measurements in graphs b-h: the 
absolute error of the blank has been set to 0.001 and an external error of 3.5‰ has been added to all measurements 
based on the long term standard deviation of standards. Dates >15,000 BP have been rounded to the nearest 10 

years. Asymmetrical errors are shown where F14C ≤ 1σ*10. Grey shaded bands show the 1σ range of graphite dates 
measured from large extracts of the same bone. In a-h, the vertical dotted lines separate different collagen extracts 
of the same bone with the bone starting weight and collagen yield shown below. The number in the top left of each 
section is the preparation number of the bone, corresponding to Supplementary Dataset S1. Asterisks mark collagen 

extracts dated with the gas ion source reported in Fewlass, et al.29. 
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Supplementary Fig. S3). Considering the collagen yields and 14C measurements, the optimum pretreatment pro- 

tocol for small aliquots of bone (<100  mg) is shown in Fig. 2. 

14C dating. For each of the bones, several collagen extracts (bone weight ranging from 37–100 mg, marked 
with asterisks in Fig. 1) were dated using the EA-GIS-AixMICADAS (Fig. 3). Each collagen extract was split and 
measured multiple times. Between two and four replicates were measured containing ca. 30–40 μg C, run for the 

duration of one titanium (Ti) target (ca. 12 minutes) and for each bone >20,000 BP, a single aliquot containing ca. 
80–90 μg C was measured over the duration of three targets to increase precision (see Supplementary Dataset S2). 
The gas ages obtained were compared to one or more graphite dates measured from collagen extracted from 
500–700  mg bone material (Supplementary Dataset S2). Discussed here are measurements made from collagen 
extracted from solid pieces of bone. Details of measurements made from powdered aliquots (lower collagen 
yields) are included in the supplementary information. 

Figure 3 shows the ages obtained for each bone. The accuracy of the dates generated by the gas ion source is 
clearly seen in comparison with the graphite dates. Of the 74 new measurements made with the EA-GIS-AMS 
system shown in Fig. 3b–h, 69 measurements agree within the 95% confidence limit (2σ) of the corresponding 
graphite dates and 57 agree within 1σ. There are five measurements outside 2σ: four are measurements of the two 
collagen extracts (R-EVA 548.13; R-EVA 548.14) which fell at or below the minimum threshold of preservation 
suitable for 14C dating (Fig. 3g), and the last (R-EVA 1905.4.1; Aix-12023.2.1) is slightly older than the other rep- 
licates of the same extract (Fig. 3c). 

Chi-squared tests (χ2)51 were performed using the R_Combine feature in OxCal 4.252 using the F14C and 
associated error for gas replicates of each collagen extract individually and for all replicates per bone. The replicate 
measurements are statistically indistinguishable for R-EVA 1489, R-EVA 1905, R-EVA 1860, R-EVA 123, R-EVA 
570 and R-EVA 124 (output of all statistical tests are included in Supplementary Dataset S2), demonstrating the 
reproducibility of the measurements and consistency between different pretreatment batches across the range of 
the 14C timescale. In addition, all of the measurements of R-EVA 1489, R-EVA 123 and R-EVA 124 from this 

study agree with the EA-GIS-AMS measurements made in 2016 reported in Fewlass, et al.29 (Supplementary 
Dataset S2). 

The exception is the roughly 40,000 year old bone R-EVA 548, which at ca. 1% collagen preservation repre- 
sents the limits of C14 dating. The gas dates obtained from the two low yield extracts (R-EVA 548.13 and R-EVA 
548.14) were much younger than the other extracts of this bone (Fig. 3g), showing they had been affected by 
contamination from modern carbon. Due to the low yield, under normal circumstances R-EVA 548.13 would 
not have been passed for dating following pretreatment. Excluding these two extracts, the replicates from R-EVA 
548.3 and R-EVA 548.8 are consistent with the graphite date for this bone. 

For background bone R-EVA 1753 (>50,000 BP), the dates from the collagen extracts (Supplementary 
Dataset S3) were on par with the blank standards (IAEA-C1/phthalic anhydride) of equal size (Supplementary 
Dataset S4). As expected, the blank level in the EA-GIS system was affected by the reduction in sample size from 

90 μg C to 30 μg C (Fig. 3a). The ages of the seven <50,000 BP samples were corrected with background collagen 
measurements of the same size (ca. 30 μg C or ca. 90 μg C) and type (solid/powder) measured during the same 
session. 

Discussion 
Using a slightly modified version of our standard pretreatment protocol the collagen yield from <100 mg bone 

material was of equally high quality as extracts from ‘large’ (>500 mg) bone samples. Decreasing sample size 
from ca. 100 mg to <50 mg bone material also had no detrimental effect on collagen yield. The agreement in 
age between multiple collagen extracts from different starting weights of bone (Fig. 3) indicates firstly that we 
obtain reproducible results with the pretreatment protocol and secondly, that the reduction in material during 
pretreatment did not detrimentally affect the results of 14C dating. In particular, the results indicate that the clean- 
ing steps used for the ultrafilters are sufficient as any C remaining in the filters after cleaning would have a more 
pronounced effect on reduced sample sizes. 

The main alteration to our standard protocol involved reduction in the duration of the gelatinisation stage, 
with samples removed from the heater block as soon as they had gelatinised (see Fig. 2). Different gelatinisation 
conditions have been well documented to affect the final extract quality and yield38,39,53,54. The higher collagen 
yields from these extracts supports observations that gelatinised collagen is degraded by prolonged exposure to 
higher temperatures and acidity39,53. 

R-EVA 548 represents a very challenging prospect for collagen extraction and radiocarbon dating due to the 

exceptionally low levels of preservation (<1% weight collagen) and old age (ca. 39,400 BP), even working with 
larger sample sizes. The harshest demineralisation (HCl 0.5 M, 2 days, 4 °C) applied to small aliquots of this bone 

(R-EVA 548.13; R-EVA 548.14) resulted in very low yields of ≤1 mg collagen, likely due to the solubilisation of 
collagen during the longer demineralisation stage. The resultant underestimated dates clearly show that these ali- 
quots were massively affected by modern carbon contamination. Prior to dating, the consideration of the quality 
of the extract is crucial in order to obtain reliable dates. Given the low yield of collagen (≤1%) following pretreat- 
ment, under normal circumstances these extracts would not been dated or would have been treated with caution. 
This bone demonstrates the difficulty of pretreatment of poorly preserved bones at the limit of the 14C method. 

At such small sample sizes, the consideration of the background correction is crucial. The gas measure- 
ments of R-EVA 1489, R-EVA 1905, R-EVA 1860, R-EVA 123, R-EVA 570, R-EVA 548 and R-EVA 124 were 
all corrected with gas measurements of background bone collagen (R-EVA 1753) of equal size (ca. 30 μg C or 
ca. 90 μg C) prepared alongside every batch of samples and measured during the same measurement session to 
account for any C added during sample preparation and measurement. Figure 3a shows the ages obtained for the 
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background bone containing ca. 25–40 μg C (small) and ca. 80–100 μg C (large). The large measurements (mean 

F14C = 0.0024, SD = 0.0006, n = 9, equivalent to 48,600 BP) are on par with the system blank (either IAEA-C1 or 

phthalic anhydride) measurements of equal size (mean F14C = 0.0026, SD = 0.0006, n = 7, equivalent to 48,000 
BP) (Supplementary Datasets S3 and S4), indicating that no carbon contamination was introduced during sam- 
ple preparation. An increased sensitivity to modern 14C is to be expected at lower levels of carbon and it is clear 
that the smaller background collagen measurements are generally younger. The 25–40 μg C background collagen 

samples (mean F14C = 0.0039, SD = 0.0007, n = 22, equivalent to 44,530 BP) are likewise equal to the system blank 

measurements of equal size (mean F14C = 0.0036, SD = 0.0006, n = 5, equivalent to 45,180 BP) (Supplementary 
Datasets S3 and S4). These values are lower than previously published values for blank IAEA-C1 samples meas- 

ured at CEREGE reported in Bard, et al.30 (F14C = 0.02 for sample sizes around 30 μg C and F14C = 0.005 for 
samples of 80–100 μg C) and to phthalic anhydride blanks measured at ETH Zurich reported in McIntyre, et al.24 

(mean F14C = 0.0046 ± 0.0012, n = 6, size range 84–100 μg C). The results indicate the lower limit of 14C detection 

with the gas ion source to be around F14C = 0.004. As demonstrated by R-EVA 124, beyond this limit the minute 
levels of 14C can be measured but the uncertainty of the background correction dominates accuracy and precision. 

The system blank of the EA-GIS-AMS is affected by the carbon content of the silver cups, cross-talk of the zeo- 
lite trap and the cleanliness of the ion source at the time of the measurement24. The mass (Mc) and F14C (F14Cc) of 

the constant contamination of the EA + GIS system was deduced by least square regression of modern carbonate 
and blanks (IAEA-C1) with sample weights ranging between 3 and 100 μg C to be Mc = 0.55 ± 0.05 μg C and 

F14Cc = 0.12 ± 0.0355. The silver cups (5 × 3 mm from Elementar; cleaned at 800 °C, 2 h) had a consistent carbon 

contribution of 0.049 ± 0.02 μg C. The zeolite trap was heated (450 °C) and the system was flushed with helium 
between samples to minimize cross-contamination. However, small amounts of C may reside in the zeolite trap 

after flushing which has been demonstrated to have a large influence on samples <20 μg carbon23,55. With this 

in mind, even our ‘small’ samples were kept >20 μg carbon. To further alleviate problems of cross-talk, samples 
were run in order of increasing activity (oldest to youngest) according to the standard practice55. Background 
corrections of samples were applied according to sample size and an external error was added during the age 
calculation of all samples based on the long term standard deviation of standards and blanks (error 2 described 

in Fewlass, et al.29). 
In a real life situation, if a small bone sample yielded a high amount of collagen (for example, the mammoth 

bone R-EVA 123 or the Medieval human bone R-EVA 1489 included in this study), dating with graphite targets 
would be preferentially undertaken as the precision achieved is much higher and measurements can be made 
routinely. However, the results of this study demonstrate that the gas ion source can produce an accurate radiocar- 
bon date at low precision from as little as 30 μg C. The precision of the date can be improved when larger sample 
sizes (up to 100 μg C) are available for measurement over several targets (as demonstrated in Fig. 3). In order to 
assess variability in handling and blank contribution, in this study we compared multiple measurements of ca. 
30 μg C with larger aliquots containing ca. 90 μg C. When taking the weighted mean and error of the three small 
aliquots the precision achieved is higher compared to the single large measurement of a roughly equal amount of 
carbon. However, as the likelihood of contamination being introduced via handling, the EA-GIS or the silver cup 
is increased for the smaller sample sizes, the preferred method for measuring larger samples would be to measure 
several targets from a single syringe, rather than splitting a sample into smaller aliquots. Although the measure- 
ment of gas samples requires more supervision than graphite targets, the direct coupling of the EA with the GIS 
significantly reduces sample preparation time by cutting out the graphitisation step which poses a large risk of 
contamination at such small sample sizes. Therefore in situations where sample size is limited the gas ion source 
offers an attractive solution for archaeological, as well as environmental, applications. 

Even working with the assumption of 1% collagen preservation, in theory sufficient collagen could be 
extracted from less than 10 mg bone material to obtain a 14C date using the EA-GIS-AMS. However in order to 
assess the quality of the extract prior to dating and obtain high-resolution stable isotopic data for palaeodietary 
reconstruction, collagen should also be analysed with an EA-IRMS. At 1%, around 40 mg bone material would 

supply enough collagen for dating and isotopic analysis. For any sample >1% preservation, excess collagen would 
be available for further analyses and/or multiple aliquots could be measured with the gas ion source to achieve 
better counting statistics and thus increase precision. Bearing this in mind, when dating highly precious bone it 
would be useful to assess the preservation of the artefact prior to sampling or have an understanding of collagen 
preservation at the archaeological site (for example if other fauna has been sampled for isotopic or 14C dating 
purposes). Bones of high patrimonial value could be sampled strategically – i.e. for older samples expected to 
have less than 10% collagen preservation 40 mg bone material could be sampled, whereas for well-preserved 
Holocene bone much smaller samples could be taken. The case of R-EVA 548 demonstrates that for very old sam- 

ples (>35,000 BP) with very poor levels of preservation (1–2%), yields falling below 1 mg collagen can be subject 
to severe contamination issues. 

The results presented here provide further confirmation that 14C measurements using the gas ion source of the 
MICADAS are stable, reproducible and accurate, reaching a level of precision suitable for dating archaeological 
samples particularly for Palaeolithic samples back to 40,000 BP. In this respect this technique will be highly useful 
for directly dating precious archaeological bone where limited material is available. 

Methods 
Sample selection. Eight bones were selected to span the 14C timescale (back to 50,000 BP) at a range of pres- 
ervation typical for archaeological bones. Collagen extracts from bones R-EVA 124, R-EVA 123 and R-EVA 1489 

were previously dated using both graphite targets and the gas ion source in Fewlass, et al.29. R-EVA 124 was pre- 
viously labelled as a bison bone but recent aDNA analysis has identified it as belonging to a woolly rhinoceros56. 
R-EVA 548 and R-EVA 570 are two faunal long bones from Teixoneres, Spain. R-EVA 1860 is a faunal long bone 
excavated from the site of Ranis, Germany and R-EVA 1905 is a predominantly trabecular fragment of horse bone 
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excavated from Pietraszyn, Poland. R-EVA 1753 is a well-preserved cave bear rib known to date beyond the 14C 
timescale based on repeated measurements. As standard practice, an aliquot of this bone is extracted and dated 
alongside every batch of samples to monitor contamination introduced during sample preparation and is used in 
the age correction of the unknown samples. This is the referred to in the text as the ‘background bone’. 

Collagen extraction. For each bone, large aliquots (500–700 mg material) were pretreated using our stand- 

ard acid-base-acid + gelatinisation + ultrafiltration protocol (see Fig. 2) based on Talamo and Richards36 to pro- 
duce collagen for dating with graphite targets. 

In order to optimise our standard protocol for sample sizes <100 mg, small aliquots of each bone were pre- 
treated multiple times to compare collagen yields and sample quality. Firstly, the outer surface of bone was 
removed using a sandblaster and aliquots were taken using a rotary drill. Fine diamond grit disc drill pieces 
were used to remove solid pieces of bone. Fine powder was drilled using round tungsten carbide burs (2.3 mm 
diameter). Aliquots were weighed via a microbalance into cleaned glass tubes. Solid samples were demineralised 
in HCl at 4°C with regular visual and mechanical checks and monitoring of CO2 effervescence. For powdered 
samples, HCl was added and samples were monitored at room temperature (RT) until CO2 effervescence had 
stopped. Following demineralisation, samples were rinsed with ultra-pure Milli-Q water to a neutral pH. Samples 
were treated with NaOH (0.1 M) at RT for 10 min to remove humic acid contamination and re-acidified with HCl 
(0.5 M). If a considerable colour change was observed, NaOH was changed and left for another 10 min. Samples 
were then gelatinised in weak HCl (pH 3) on a heater block set to 60 °C, 70 °C or 75 °C. Samples were either left 
for 20 h (as per our standard pretreatment), or regularly monitored and removed from the heater block when the 

sample had fully solubilised. The resultant gelatin was filtered to remove large particles >80 μm (Ezee filters, Elkay 
labs, UK) and ultrafiltered with Sartorius VivaSpin Turbo 15 (30 kDa MWCO) ultrafilters precleaned according 

to Brock, et al.43 to separate the high molecular weight fraction (>30kD) for freeze drying (48 h). For details of 

acid strength, duration of treatment and temperature during pretreatment of samples <100 mg, see Fig. 1 and 
Supplementary Dataset S1. 

 
Collagen quality assessment. To assess the quality of the collagen, all extracts were analysed via EA-IRMS to 
obtain elemental (C%, N%, C:N) and stable isotopic data (δ13C and δ15N). Collagen (ca. 400 μg) was weighed into 
tin cups using a microbalance and measured on a ThermoFinnigan Flash EA coupled to a Thermo Delta 
plus XP isotope ratio mass spectrometer (IRMS). Stable carbon isotope ratios were expressed relative to VPDB 
(Vienna PeeDee Belemnite) and stable nitrogen isotope ratios were measured relative to AIR (atmospheric N2), 
using the delta notation (δ) in parts per thousand (‰). Repeated analysis of both internal and international stand- 
ards indicates an analytical error of 0.2‰ (1σ) for δ13C and δ15N. Where sufficient material was available, collagen 
(ca. 300 μg) was homogenized and mixed with ∼40 mg of IR grade KBr powder in an agate mortar and pestle, 
pressed into a pellet using a manual hydraulic press (Wasserman) and analysed with an Agilent Technologies 
Cary FTIR Spectrometer with a DTGS detector. Spectra were recorded in transmission mode at 4 cm−1 resolution 

with averaging of 34 scans between 4000 and 400 cm−1 using Resolution Pro software (Agilent Technologies). The 
spectra were evaluated and compared to library spectra of well-preserved collagen and bone to look for evidence 
of incomplete demineralisation, degraded collagen or the presence of any exogenous material in the extracts. 

AMS graphite measurements. Each bone was pretreated as per our standard protocol from approximately 
500 mg material. From theses extracts, approximately 3–5 mg collagen was weighed into pre-cleaned tin cups at 
the MPI-EVA and sent to the Curt-Engelhorn-Centre for Archaeometry Klaus-Tschira-AMS facility in 
Mannheim, Germany (lab code: MAMS) for graphite dating. The samples were combusted in an EA and the 
sample CO2 was converted catalytically to graphite. The samples were dated using the MICADAS-AMS57. Age 
and error calculation of unknown samples was performed using BATS software58, using background collagen 
samples and standards measured in the same batch, with an added external error of 1‰ as per their standard 

practice. Collagen samples measured at CEREGE were weighed into tin cups (ca. 2 mg), combusted in a vario 
MICRO cube EA (Elementar Analysensysteme GmbH, Germany), graphitized using the AGE 3 and dated using 
the AixMICADAS. Oxalic acid standards and background collagen samples measured in the same session were 
used to calculate the age of the samples. An external error of 1‰ was also propagated in the error calculation. 

 
AMS gas ion source measurements. Small aliquots (<100 mg) of the same bones were pretreated to purify 
the collagen. Three or four aliquots of each collagen extract (containing ca. 25–40 μg C and a single aliquot per 
bone containing ca. 80–100 μg C) were measured via a microbalance into pre-cleaned silver cups (800 °C, 2 h). 
These were placed into the auto-sampler of a vario MICRO cube EA which was directly coupled to the gas 
ion source of the AixMICADAS via the GIS20,22. Following combustion, sample CO2 was adsorbed on a zeolite 
trap and subsequently expanded to the syringe of the GIS where it was mixed with He (5% CO2) and introduced 

to the gas ion source at a flow rate of ca. 2 μg C/min. The EA-GIS system was flushed with helium between sam- 
ples. Pre-cleaned titanium (Ti) gas targets were pre-sputtered for approximately two minutes in the ion source 
to remove any remaining surface contamination before the sample CO2 injection. Around 30–40 μg C was con- 

sumed by the AMS over the duration of one Ti target21,55. For the large aliquots containing ca. 80–90 μg C meas- 
urements were performed over multiple targets (which can be changed during measurement). Each step was fully 
controlled via the gas-interface handling software. 

The gas measurements in this study were made over two measurement sessions six months apart, both carried 
out shortly after the ion source had been cleaned. Each measurement session commenced with two oxalic acid 
II NIST standards (from a gas canister) to normalize and correct samples for fractionation. Blank (14C-free) CO2 
samples (also from a gas canister) were then measured to purge the system and reach a stable operational level 

(F14C < 0.004) (these measurements were not used in age calculation). In the first session, carbonate reference 
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material (IAEA-C1) were run prior to the collagen samples to check the background level of the instrument and 
begin the measurement of old samples under optimal conditions. In the second measurement session, phthalic 
anhydride was run for the same purpose. In order to alleviate problems of memory effect, the GIS system was 
flushed with helium between samples and samples were measured in order of increasing activity as per standard 

procedure (for further discussion, see Tuna, et al.55). Low energy ion currents for the gas analyses were in the 
range of 10–15 μA. BATS58 was used for data reduction. The uncorrected collagen background (R-EVA 1753) 
measurements of the corresponding type (piece/powder) and equal size were used to correct the archaeological 
samples measured in the same session (i.e. ‘small’ sample aliquots were corrected only with ‘small’ background 

collagen samples). For all samples, the long term standard deviation of blanks (F14C = 0.001) was used as the 
absolute blank error and an external error of 3.5‰ was added to take into account the long-term variability of 
standards (‘error 2’ described in Fewlass, et al.29). 

Data Availability 
All data generated or analysed during this study are included in this article and the accompanying supplementary 
information files. 
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Supplementary Text 

Pretreatment and 14C dating of powdered bone samples  

Bone aliquots were extracted in two forms: fine powder and solid pieces (as per our standard 

protocol for ca. 500mg bone). We attempted to extract collagen from finely powdered bone 

to increase our sampling options for precious bones (i.e. a key hole drilling technique). 

However, the collagen yield of powdered bone was much lower than solid pieces for all 

samples in the study (Supplementary Fig. S2; Supplementary Dataset S1). Where collagen was 

recovered often the extracted material appeared poorly preserved with a crumbly texture 

and was often dark grey or yellow in colour. Where enough material was available for analysis, 

these extracts were still identified as collagen when analysed with FTIR (Supplementary Fig. 

S3), although several extracts from the poorly preserved bones showed evidence of 

incomplete demineralisation. Anecdotally, the striking difference between the two forms was 

observed at the demineralisation stage; for the older, poorly preserved bones much of the 

powdered material was lost as soon as HCl was added to the tube. Although the powdered 

method has the benefit of being faster, increased solubilisation of collagen during 

demineralisation in powdered bones compared to solid bone sherds was also observed by 

Schoeninger, et al. 1 and Collins and Galley 2. As the length of demineralisation is based on 

visual inspection, a suitable duration is much easier to judge for solid pieces (transparency, 

softness, buoyancy, CO2 effervescence).  

As a consequence of the low yield of collagen for the poorly preserved bones (R-EVA 570 and 

R-EVA 548) no powdered extracts from these bones were dated. Despite the lower collagen 

yield, sufficient collagen was available for gas dating from powdered aliquots of the well-

preserved bones, R-EVA 123, R-EVA 124 and R-EVA 1753. The age of the background collagen 

extracts were slightly younger than their solid counterparts (Supplementary Fig. S1) but it is 

unknown whether this reflected the limited number of measurements made, the lower 

collagen yield from these pretreatments and/or the small size of the aliquots measured in the 

EA-GIS-AMS (ca. 25 μg C).The ages of the <50,000 BP samples were corrected with 

background collagen measurements of the same size (ca. 30 μg C or ca. 90 μg C) and type 

(solid/powder) measured during the same session. The exception to this are the large (ca. 90 

μg C) powder samples from R-EVA 123 and R-EVA 124 (Aix-12002.7.1; 12002.8.1; 12003.8.5; 

12003.9.5) which are marked with an asterisk in Supplementary Figure S2. No background 

measurement of corresponding size/type was made so these were corrected with small (ca. 

30 μg C) powder backgrounds meaning they are slightly over-corrected. Even with this over-

correction, the age of Aix-12002.8.1 is younger than other measurements for this bone. We 

do not have an explanation for this measurement.  

Despite this, there is no difference between the gas measurements obtained from powdered 

versus solid extracts for R-EVA 123 or R-EVA 124, which all agree within Χ2 despite the over-

corrected samples (Supplementary Fig. S2; Supplementary Dataset S2). Further, the gas dates 

from the powdered extracts of R-EVA 123 and R-EVA 124 all agree with the graphite dates 
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within 2σ. However, due to the reduced collagen yield we will continue our standard practice 

of extracting collagen from solid chunks of bone (also documented in Tuross 3). 
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Supplementary figure S1 Gas measurements of collagen from background bone R-EVA 1753 according to the 
amount of carbon in the EA-GIS system. Error bars are shown to 1σ.  
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Supplementary figure S2 Gas measurements of collagen from R-EVA 123 and R-EVA 124. Figure amended from 
Figure 3 in the main text to include gas measurements of collagen extracted from powdered bone.  

 

 

 

Supplementary figure S3 FTIR spectra of collagen extracted from a) R-EVA 570.15 (powder) and b) R-EVA 
1489.2 (solid) in comparison to characteristic FTIR spectra of c) well-preserved collagen and d) bone.    
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Pretreatment and gaseous radiocarbon dating of 40-100 mg archaeological bone

Supplementary Dataset S1 – Pretreatment information for all collagen extracts in the study

R-EVA AMS lab code prep 

no

batch form bone wt 

(mg)

HCl 

strength

Temp Duration Temp Duration Coll yld 

(mg)

Coll yld 

(%)
δ13C δ15N C% N% C:N FTIR Collagen 

appearance

14C 

dated

1753 Aix-12018 2 A piece 97.1 0.5M 4°C 44h 75°C 20h 4.6 4.7 -22.55 1.45 40.8 14.8 3.2 collagen white and fluffy

3 A piece 55.4 0.5M 4°C 20h 75°C 20h 2.6 4.7 -22.76 1.26 40.5 14.7 3.2 collagen white and fluffy

4 B piece 102.5 0.5M 4°C 26h 70°C 4h 8.8 8.6 -22.67 1.44 39.7 14.8 3.1 collagen white and fluffy

5 B piece 55.9 0.5M 4°C 26h 70°C 2h 5.5 9.8 -22.65 1.59 49.5 18.3 3.2 collagen white and fluffy

29 H piece 69.2 0.5M 4°C 26h 70°C 6h 7.6 11.0 -22.88 1.64 41.1 15.3 3.1 collagen white and fluffy gas

48 L piece 62.0 0.5M 4°C 27h 70°C 5h 8.4 13.5 -22.72 1.37 43.9 16.1 3.2 collagen white and fluffy gas

56 P piece 68.7 0.5M 4°C 29h 70°C 3h 8.9 13.0 -23.24 1.70 45.0 15.6 3.4 collagen white and fluffy gas

60 S piece 69.3 0.5M 4°C 29h 70°C 3h 10.2 14.7 -22.85 1.44 44.6 16.0 3.3 collagen white and fluffy gas

61 T piece 40.8 0.5M 4°C 24h 70°C 20h 5.5 13.5 -22.86 1.94 44.8 16.2 3.2 collagen white and fluffy gas

62 U piece 55.9 0.5M 4°C 32h 70°C 3h 8.6 15.4 -23.21 1.52 45.4 15.6 3.4 collagen white and fluffy gas

39 A1 piece 99.7 0.5M 4°C 50h 70°C 3h 12.2 12.2 -22.94 1.53 43.0 15.9 3.2 collagen white and fluffy gas

40 A1 piece 74.5 0.5M 4°C 45h 70°C 3h 10.1 13.6 -23.16 1.91 43.4 15.9 3.2 collagen white and fluffy

41 A2 piece 97.6 0.5M 4°C 50h 70°C 3h 12.8 13.1 -22.99 1.81 43.7 16.1 3.2 collagen white and fluffy gas

42 A2 piece 92.8 0.5M 4°C 50h 70°C 3h 11.1 12.0 -23.06 2.16 42.3 15.8 3.1 collagen white and fluffy

59 R piece 79.9 0.5M 4°C 50h 70°C 3h 11.7 14.6 -22.85 1.28 45.0 16.1 3.2 collagen white and fluffy gas

33 J piece 90.3 0.5M 4°C 42h 60°C 6h 10.3 11.4 -22.31 1.36 43.7 15.8 3.2 collagen white and fluffy

34 J piece 99.4 0.2M 4°C 98h 60°C 6h 10.9 11.0 -22.28 1.25 44.2 15.7 3.3 collagen white and fluffy gas

6 C powder 97.4 0.5M RT 40min 75°C 20h 2.9 3.0 -22.65 1.90 34.5 12.9 3.1 collagen white and fluffy

7 C powder 51.6 0.5M RT 40min 75°C 20h 1.7 3.3 -22.63 1.52 38.4 14.2 3.2 collagen white and fluffy

8 D powder 97.3 0.5M 4°C 2h 70°C 3h 6.2 6.4 -22.35 1.25 37.0 13.5 3.2 collagen white and fluffy

9 D powder 51.3 0.5M 4°C 2h 70°C 3h 3.4 6.6 -22.57 1.30 42.2 15.4 3.2 collagen white and fluffy

30 H2 powder 68.0 0.5M RT 10min 70°C 4h 4.2 6.2 -23.04 1.90 41.5 15.4 3.2 collagen white and fluffy

43 A3 powder 80.9 0.2M RT 10min 70°C 4h 1.9 2.3 -23.20 1.99 35.2 12.9 3.2 collagen white and fluffy gas

44 A3 powder 76.4 0.2M RT 30min 70°C 3h 1.0 1.3 -23.08 2.73 41.7 15.3 3.2 collagen white and fluffy

45 A4 powder 87.8 0.2M RT 20min 70°C 6h 5.1 5.8 -22.90 1.85 34.9 12.9 3.2 collagen white and fluffy gas

46 A4 powder 83.3 0.2M RT 20min 70°C 6h 4.5 5.4 -23.00 1.75 35.8 13.1 3.2 collagen white and fluffy

Demineralisation Gelatinisation Quality control
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Pretreatment and gaseous radiocarbon dating of 40-100 mg archaeological bone

Supplementary Dataset S1 – Pretreatment information for all collagen extracts in the study

R-EVA AMS lab code prep 

no

batch form bone wt 

(mg)

HCl 

strength

Temp Duration Temp Duration Coll yld 

(mg)

Coll yld 

(%)
δ13C δ15N C% N% C:N FTIR Collagen 

appearance

14C 

dated

Demineralisation Gelatinisation Quality control

124 Aix-12002 43 2016 piece 639.5 0.5M 4°C 16days 75°C 20h 74.6 11.7 -20.00 3.30 45.9 17.2 3.1 - white and fluffy
graphite + 

gas

46 A piece 106 0.5M 4°C 44h 75°C 20h 13.5 12.7 -20.30 2.90 42.2 15.3 3.2 collagen white and fluffy

47 A piece 58.8 0.5M 4°C 44h 75°C 20h 6.4 10.9 -20.28 2.93 42.8 15.6 3.2 collagen white and fluffy

48 B piece 95.5 0.5M 4°C 69h 70°C 5h 12.7 13.3 -20.41 3.05 42.1 15.8 3.1 collagen white and fluffy

49 B piece 55 0.5M 4°C 44h 70°C 4h 7.8 14.2 -20.34 3.08 46.9 17.6 3.1 collagen white and fluffy

58 A1 piece 70.6 0.5M 4°C 71h 70°C 6h 10.2 14.4 -20.38 4.12 42.6 15.7 3.2 collagen white and fluffy gas

59 A2 piece 90.2 0.5M 4°C 71h 70°C 6h 13.3 14.7 -20.32 3.16 44.6 16.1 3.2 collagen white and fluffy gas

51 C powder 51.5 0.5M RT 45min 75°C 20h 1.6 3.1 -20.38 3.14 38.8 14.3 3.2 collagen black and crumbly 

52 D powder 99.6 0.5M 4°C 2h 70°C 3h 5.0 5.0 -20.34 3.08 32.9 11.9 3.2 collagen dark grey 

53 D powder 52 0.5M 4°C 2h 70°C 3h 1.5 2.9 -20.43 3.09 37.6 13.7 3.2 collagen dark grey 

60 A3 powder 88.8 0.2M RT 35min 70°C 4h 3.5 3.9 -20.13 3.26 40.3 14.7 3.2 collagen grey and fluffy gas

61 A4 powder 83.1 0.2M RT 30min 70°C 6h 6.1 7.3 -20.29 3.08 41.7 15.3 3.2 collagen white and fluffy gas

548 Aix-12017 17 2017 piece 597.5 0.5M 4°C 15days 75°C 20h 5.0 0.8 -20.27 4.74 40.4 13.9 3.4 collagen white and fluffy graphite

3 H piece 71.2 0.5M 4°C 26h 70°C 3h 1.5 2.1 -20.43 4.70 38.5 13.8 3.2 collagen white and fluffy gas

13 A1 piece 78.1 0.5M 4°C 45h 70°C 2h 0.6 0.8 -20.73 4.20 42.9 14.8 3.4 - white and fluffy gas

14 A2 piece 86.4 0.5M 4°C 45h 70°C 2h 1.1 1.3 -20.33 4.33 41.5 14.6 3.3 - white and fluffy gas

7 J piece 74.7 0.5M 4°C 27h 60°C 6h 0.7 0.9 - - - - - collagen white and fluffy

8 J piece 84.7 0.2M 4°C 90h 60°C 6h 1.5 1.8 -20.29 5.40 41.5 15.1 3.2 collagen white and fluffy gas

4 H powder 80.6 0.5M RT 5min 70°C 2h 0.2 0.2 - - - - - - white marks

15 A3 powder 82.4 0.2M RT 10min 70°C 3h 0.5 0.6 - - - - - - white marks

16 A4 powder 80.7 0.2M RT 20min 70°C 4h 0.9 1.1 - - - - -  white marks

9 J powder 86.7 0.5M RT 5min 60°C 4h 0.5 0.6 - - - - - - white marks

10 J powder 86.5 0.2M RT 50min 60°C 4h 0.3 0.3 - - - - - - white marks
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Pretreatment and gaseous radiocarbon dating of 40-100 mg archaeological bone

Supplementary Dataset S1 – Pretreatment information for all collagen extracts in the study

R-EVA AMS lab code prep 

no

batch form bone wt 

(mg)

HCl 

strength

Temp Duration Temp Duration Coll yld 

(mg)

Coll yld 

(%)
δ13C δ15N C% N% C:N FTIR Collagen 

appearance

14C 

dated

Demineralisation Gelatinisation Quality control

570 Aix-12015 17 2017 piece 451.9 0.5M 4°C 13days 75°C 20h 15.2 3.4 -18.41 7.34 44.5 15.4 3.4 collagen white and fluffy graphite

3 H piece 62.1 0.5M 4°C 26h 70°C 2h 2.9 4.7 -19.13 7.63 43.3 15.4 3.3 collagen white and fluffy gas

19 U piece 43.8 0.5M 4°C 24h 70°C 2h 2.2 5.0 -18.43 7.89 44.0 15.1 3.4 collagen white and fluffy gas

13 A1 piece 87 0.5M 4°C 45h 70°C 2h 2.2 2.5 -19.47 7.28 43.9 15.3 3.3 collagen white and fluffy gas

14 A2 piece 90.1 0.5M 4°C 45h 70°C 2h 4.0 4.4 -18.87 7.21 43.1 15.2 3.3 collagen white and fluffy gas

7 J piece 77.9 0.5M 4°C 42h 60°C 5.5h 3.9 5.0 -18.83 7.67 41.5 14.7 3.3 collagen white and fluffy

8 J piece 69.8 0.2M 4°C 98h 60°C 5h 3.5 5.0 -18.72 7.86 43.5 15.2 3.3 collagen white and fluffy gas

18 P piece 53.2 0.5M 4°C 24h 70°C 3h 2.1 3.9 -19.45 7.39 42.6 15.2 3.3 collagen white and fluffy

4 H powder 62.6 0.5M RT 5min 70°C 3h 0.4 0.6 - - - - - - tiny white fluff 

9 J powder 83 0.5M RT 5min 60°C 4h 0.9 1.1 - - - - - collagen white and crumbly 

10 J powder 72 0.2M RT 50min 60°C 4h 0.8 1.1 - - - - - collagen white and fluffy

  15 A3 powder 85.9 0.2M RT 10min 70°C 3h 0.8 0.9 - - - - -
collagen + 

other peaks
yellow and crumbly 

16 A4 powder 88.1 0.2M RT 20min 70°C 4h 1.5 1.7 - - - - - - tiny yellow fluff

123 Aix-12003 53 2016 piece 559.4 0.5M 4°C 12days 75°C 20h 62.6 11.2 -21.10 7.10 45.6 17.2 3.2 - white and fluffy
graphite + 

gas

60 A piece 100.2 0.5M 4°C 44h 75°C 20h 9.4 9.4 -21.19 6.81 37.9 13.7 3.2 collagen white and fluffy

61 A piece 51.7 0.5M 4°C 20h 75°C 20h 3.5 6.8 -21.44 6.79 38.8 14.2 3.2 collagen white and fluffy

62 B piece 101.1 0.5M 4°C 26h 70°C 3.5h 10.4 10.3 -21.37 6.84 42.2 15.6 3.2 collagen white and fluffy

63 B piece 50 0.5M 4°C 21h 70°C 3h 5.0 10.0 -21.41 6.84 43.2 16.0 3.2 collagen white and fluffy

81 P piece 60.7 0.5M 4°C 24h 70°C 5h 7.9 13.0 -21.23 6.79 41.8 15.0 3.2 collagen white and fluffy gas

68 A1 piece 75 0.5M 4°C 45h 70°C 4h 7.6 10.1 -21.24 6.86 43.4 15.6 3.2 collagen white and fluffy gas

69 A2 piece 82.4 0.5M 4°C 45h 70°C 4h 9.0 10.9 -21.00 6.92 44.2 15.9 3.2 collagen white and fluffy gas

64 C powder 100.5 0.5M RT 50min 75°C 20h 9.4 9.4 -21.33 6.90 37.3 13.8 3.2 collagen white and fluffy

65 C powder 50.5 0.5M RT 50min 75°C 20h 2.8 5.5 -21.24 6.88 41.0 15.4 3.1 collagen white and fluffy

66 D powder 103.3 0.5M 4°C 2h 70°C 3h 7.5 7.3 -21.27 6.80 35.9 13.2 3.2 collagen white and fluffy

67 D powder 50.3 0.5M 4°C 2h 70°C 3h 4.0 8.0 -21.10 6.84 36.7 13.6 3.2 collagen white and fluffy

70 A3 powder 79.9 0.2M RT 35min 70°C 4h 2.4 3.0 -21.24 6.82 36.0 13.1 3.2 collagen grey and fluffy gas

71 A4 powder 94.5 0.2M RT 30min 70°C 6h 5.7 6.0 -21.14 6.98 31.8 11.8 3.1 collagen grey and fluffy gas
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Pretreatment and gaseous radiocarbon dating of 40-100 mg archaeological bone

Supplementary Dataset S1 – Pretreatment information for all collagen extracts in the study

R-EVA AMS lab code prep 

no

batch form bone wt 

(mg)

HCl 

strength

Temp Duration Temp Duration Coll yld 

(mg)

Coll yld 

(%)
δ13C δ15N C% N% C:N FTIR Collagen 

appearance

14C 

dated

Demineralisation Gelatinisation Quality control

1860 Aix-12022 1 2017 piece 454.4 0.5M 4°C 10days 75°C 20h 41.1 9.0 -18.04 4.64 42.6 15.4 3.2 - white and fluffy graphite

2 R piece 55.7 0.5M 4°C 72h 70°C 4h 4.9 8.8 -18.34 4.54 45.2 15.8 3.3 collagen white and fluffy gas

3 S piece 44.6 0.5M 4°C 24h 70°C 6h 4.5 10.1 -18.11 4.66 43.2 15.3 3.3 collagen white and fluffy gas

1905 Aix-12023 1 2017 piece 582.9 0.5M 4°C 26days 75°C 20h + 20h 31.9 5.5 -20.70 5.62 41.4 15.0 3.2 - white and fluffy graphite

3 S piece 65.0 0.5M 4°C 24h 70°C 27h 4.7 7.2 -20.71 5.53 43.6 15.4 3.3 collagen white and fluffy gas

4 T piece 54.9 0.5M 4°C 9h 70°C 25h 2.0 3.6 -20.53 5.44 41.1 15.3 3.1 collagen white and fluffy gas

1489 Aix-12004 1 2016 piece 753.2 0.5M 4°C 18days 75°C 20h 134.5 17.9 -16.40 8.80 45.4 16.7 3.2 - white and fluffy
graphite + 

gas

2 L piece 53.9 0.5M 4°C 21h 70°C 11h 9.7 18.0 -16.35 8.79 45.0 16.4 3.2 collagen white and fluffy gas

4 T piece 37.4 0.5M 4°C 24h 70°C 20h 7.0 18.7 -16.27 8.74 45.1 16.3 3.2 collagen white and fluffy gas

74



Pretreatment and gaseous radiocarbon dating of 40-100 mg archaeological bone

Supplementary Dataset S2 – Radiocarbon dates for all samples in the study dated with graphite targets and the gas ion source

R-EVA Site R-EVA 
Bone wt 

(mg)
Coll yld (%) C:N AMS lab code 14C age ± R-EVA AMS lab code

GIS C 

(μg)
14C age ± (err 2) Session R-EVA Batch Form

Bone wt 

(mg)

Coll yld 

(mg)

Coll yld 

(%)
C:N

1489
San Martino Lundo 

Lomaso, Italy
1489.1 753.2 17.9 3.2 Aix-12004.1.1 1490 17 1489.1 Aix-12004.3.1 84 1401 75

Human, long bone Aix-12004.1.2 1470 17 1489.1 Aix-12004.3.2 74 1530 72

MAMS-26317 1481 23 1489.1 Aix-12004.3.3 77 1494 60
1489.1 Aix-12004.3.4 74 1368 65

1905 Pietraszyn, Poland 1905.1 582.9 2.3/5.5 3.2 MAMS-31228 23000 100

Horse, trabecular

1860 Ranis, Germany 1860.1 454.4 9 3.2 MAMS-30401 30010 140
Unknown fauna, long 

bone

~500mg extraction, solid graphite target dates
~500mg bone extraction, EA-GIS-AMS dates (Fewlass et 

al., 2018)

Dec-17 1489.2 L piece 53.9 9.7 18.0 3.2

  <100mg bone extraction

Dec-17 1489.4 T piece 37.4 7.0 18.7 3.2

Dec-17 1905.3 S piece 65.0 4.7 7.2 3.3

3.6 3.1

Dec-17 1860.2 R piece 55.7 4.9 8.8 3.3

Dec-17 1905.4 T piece 54.9 2.0

10.1 3.3Dec-17 1860.3 S piece 44.6 4.5
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Pretreatment and gaseous radiocarbon dating of 40-100 mg archaeological bone
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R-EVA

1489

1905

1860

Statistical agreement of replicate measurements 

AMS lab code
Coll wgt 

(μg)
GIS C (μg) F14C ± 14C age ± 14C age ±

T is the calculated χ2 value and should be lower than the value 

given in brackets to be considered contamporaneous at 95% 

confidence. The degrees of freedom are given by 'df'. 

Aix-12004.6.1 107 42 0.8339 0.0074 1,459 72 1,459 72
χ2 test including the Fewlass et al 2017 gas 

measurements: 

Aix-12004.6.2 96 42 0.8302 0.0073 1,495 71 1,495 71 χ2 test: (df = 3, N = 4) T=0.8 (5% 7.8) (df = 11, N = 12) T = 11.2 (5% 19.7)

Aix-12004.6.3 96 42 0.8275 0.0072 1,521 70 1,521 70 weighted mean: 1506 +/- 36 weighted mean: 1480 +/- 20

Aix-12004.6.4 93 40 0.8248 0.0073 1,548 71 1,548 71
AIX-12004.7.1 105 49 0.8349 0.0071 1,449 68 1,449 68
AIX-12004.7.2 90 40 0.8257 0.0075 1,539 73 1,539 73 χ

2
 test: (df = 3, N = 4) T=5.3 (5% 7.8)

AIX-12004.7.3 105 46 0.8209 0.0074 1,585 73 1,585 73 weighted mean: 1484 +/-36

AIX-12004.7.4 109 48 0.8426 0.0072 1,376 69 1,376 69

χ2 for all replicates: (df = 7, N = 7) T=6.3 (5% 14.1) 

Weighted mean: 1495 +/-25

Aix-12023.1.1 102 44 0.0529 0.0019 23,607 283 23,610 280

Aix-12023.1.2 94 38 0.0553 0.0020 23,251 293 23,250 290
Aix-12023.1.3 87 37 0.0558 0.0020 23,188 283 23,190 280 χ2 test: (df = 3, N = 4) T = 2.9 (5% 7.8)

Aix-12023.1.4 245 99 0.0569 0.0014 23,020 192 23,020 190 weighted mean: 23220 +/-130 

Aix-12023.2.1 101 41 0.0510 0.0017 23,903 264 23,900 260
Aix-12023.2.2 93 39 0.0542 0.0019 23,412 279 23,410 280
Aix-12023.2.3 99 39 0.0518 0.0020 23,780 304 23,780 300 χ2 test: (df = 3, N = 4) T = 2.3 (5% 7.8)

Aix-12023.2.4 97 40 0.0539 0.0018 23,461 275 23,460 270 weighted mean: 23650 +/-140

χ2 test for all replicates: (df = 7, N = 8) T = 10.1 (5% 14.1) 

weighted mean: 23,420 +/-100

Aix-12022.1.1 91 43 0.0227 0.0015 30,421 518 30,420 520

Aix-12022.1.2 101 41 0.0223 0.0014 30,554 509 30,550 510

Aix-12022.1.3 90 39 0.0190 0.0015 31,822 625 31,820 630 χ2 test: (df=2, N = 3) T = 1.5 (5% 6.0)
Big discharges inside source during 

measurement - not included in X2 test

Aix-12022.1.4 93 38 0.0248 0.0016 29,699 519 29,700 520 weighted mean: 30,250 +/-300

Aix-12022.2.1 98 43 0.0240 0.0014 29,972 484 29,970 480
Aix-12022.2.2 98 43 0.0243 0.0015 29,865 481 29,860 480
Aix-12022.2.3 97 35 0.0255 0.0015 29,473 461 29,470 460 χ2 test: (df = 3, N = 4) T = 0.6 (5% 7.8)

Aix-12022.2.4 227 96 0.0245 0.0011 29,800 374 29,800 370 weighted mean: 29780 +/-220

χ2 test for all replicates: (df = 6, N = 7) T=3.7 (5% 12.6) 

weighted mean: 29,950 +/- 180

Adjusted age

Notes 

  <100mg bone extraction, EA-GIS-AMS dates
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R-EVA Site R-EVA 
Bone wt 

(mg)
Coll yld (%) C:N AMS lab code 14C age ± R-EVA AMS lab code

GIS C 

(μg)
14C age ± (err 2) Session R-EVA Batch Form

Bone wt 

(mg)

Coll yld 

(mg)

Coll yld 

(%)
C:N

~500mg extraction, solid graphite target dates
~500mg bone extraction, EA-GIS-AMS dates (Fewlass et 

al., 2018)

Dec-17 1489.2 L piece 53.9 9.7 18.0 3.2

  <100mg bone extraction

123
Brown Bank, North 

sea Plains
123.53 559.40 11.2 3.2 Aix-12003.1.1 34390 240 123.53 Aix-12003.5.1 89 34260 750

Mammoth, rib Aix-12003.1.2 34320 240 123.53 Aix-12003.5.2 78 34820 770
MAMS-26876 34360 300 123.53 Aix-12003.5.3 75 34710 680

123.53 Aix-12003.5.4 98 34260 760

Dec-17 123.81 P piece 60.7 7.9 13.0 3.2

10.1 3.3

Jun 17 123.69 A2 piece 82.4 9.0 10.9 3.2

Jun 17 123.68 A1 piece 75 7.6

3.0 3.2

Jun 17 123.71 A4  powder 94.5 5.7 6.0 3.2

Jun 17 123.70 A3  powder 79.9 2.4
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R-EVA

1489
123

Statistical agreement of replicate measurements 

AMS lab code
Coll wgt 

(μg)
GIS C (μg) F14C ± 14C age ± 14C age ±

T is the calculated χ2 value and should be lower than the value 

given in brackets to be considered contamporaneous at 95% 

confidence. The degrees of freedom are given by 'df'. 

Adjusted age

Notes 

  <100mg bone extraction, EA-GIS-AMS dates

Aix-12003.10.1 102 45 0.0143 0.0012 34,138 699 34,140 700
χ2 test including the Fewlass et al 2017 gas 

measurements:

Aix-12003.10.2 91 38 0.0135 0.0012 34,555 728 34,550 730 (df = 23, N = 24) T = 19.2 (5% 35.2)

Aix-12003.10.3 105 43 0.0116 0.0012 35,835 829 35,830 +880/-780 χ2 test: (df = 3, N = 4) T = 2.8 (5% 7.8) weighted mean: 34400 +/- 160

Aix-12003.10.4 239 98 0.0136 0.0012 34,546 707 34,550 710 weighted mean: 34,730 +/-360

Aix-12003.6.6 211 86 0.0151 0.0012 33,694 649 33,690 650
Aix-12003.6.7 72 29 0.0147 0.0014 33,919 772 33,920 770
Aix-12003.6.8 86 34 0.0157 0.0014 33,347 735 33,350 740 χ2 test: (df = 3, N = 4) T = 1.8 (5% 7.8)

Aix-12003.6.9 76 31 0.0133 0.0013 34,725 810 34,720 810 weighted mean: 33,910 +/-360

Aix-12003.7.5 205 83 0.0128 0.0012 35,028 765 35,030 760
Aix-12003.7.6 72 29 0.0152 0.0014 33,637 742 33,640 740

Aix-12003.7.7 78 32 0.0132 0.0014 34,777 835 34,780 +880/-790 χ2 test: (df = 3, N = 4) T = 2.0 (5% 7.8)

Aix-12003.7.8 71 26 0.0142 0.0014 34,186 782 34,190 780 weighted mean: 34,430 +/-390

Aix-12003.8.5 209 67 0.0131 0.0013 34,842 792 34,840 +830/-760
Large sample size corrected with small size 

background - Overcorrected

Aix-12003.8.6 85 25 0.0159 0.0015 33,281 765 33,280 +800/-730
Aix-12003.8.7 69 28 0.0157 0.0015 33,347 757 33,350 +800/-720 χ2 test: (df = 3, N = 4) T = 2.7 (5% 7.8)

Aix-12003.8.8 79 23 0.0141 0.0014 34,260 824 34,260 +870/-780 weighted mean: 33,970 +/-390

Aix-12003.9.5 209 70 0.0113 0.0012 36,013 869 36,010 +920/-830
Large sample size corrected with small size 

background - Overcorrected

Aix-12003.9.6 82 25 0.0131 0.0014 34,847 874 34,850 +930/-830
Aix-12003.9.7 81 21 0.0153 0.0016 33,589 856 33,590 +900/-810 χ2 test: (df = 3, N = 4) T = 4.5 (5% 7.8)

Aix-12003.9.8 79 na 0.0140 0.0015 34,285 837 34,290 +880/-800 weighted mean: 34,820 +/-430

χ2 test for all replicates: (df=19, N = 20) T = 18.5 (5% 30.1)

weighted mean: 34,380 +/-170
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R-EVA Site R-EVA 
Bone wt 

(mg)
Coll yld (%) C:N AMS lab code 14C age ± R-EVA AMS lab code

GIS C 

(μg)
14C age ± (err 2) Session R-EVA Batch Form

Bone wt 

(mg)

Coll yld 

(mg)

Coll yld 

(%)
C:N

~500mg extraction, solid graphite target dates
~500mg bone extraction, EA-GIS-AMS dates (Fewlass et 

al., 2018)

Dec-17 1489.2 L piece 53.9 9.7 18.0 3.2

  <100mg bone extraction

570 Teixoneres, Spain 570.2 451.9 3.4 3.4 MAMS-34680 34270 190

Unknown fauna, long 

bone

548 Teixoneres, Spain 548.17 597.5 0.8 3.4 MAMS-34677 39390 320

Unknown fauna, long 

bone

Jun 17

5.0 3.4

Jun 17 570.3 H piece 90.1 2.9 4.4 3.3

Dec 17 570.19 U piece 43.8 2.2

5.0 3.3

Jun 17 570.13 A1 piece 87 2.2 2.5 3.3

Jun 17 570.8  J piece 69.8 3.5

4.4 3.3

Jun 17 548.3 H piece 71.2 1.5 2.1 3.3

Jun 17 570.14 A2 piece 90.1 4.0

1.8 3.2

Jun 17 548.13 A1 piece 78.1 0.6 0.8 3.4

Jun 17 548.8 J piece 84.7 1.5

3.3548.14 A2 piece 86.4 1.1 1.3
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R-EVA

1489
570

548

Statistical agreement of replicate measurements 

AMS lab code
Coll wgt 

(μg)
GIS C (μg) F14C ± 14C age ± 14C age ±

T is the calculated χ2 value and should be lower than the value 

given in brackets to be considered contamporaneous at 95% 

confidence. The degrees of freedom are given by 'df'. 

Adjusted age

Notes 

  <100mg bone extraction, EA-GIS-AMS dates

Aix-12015.6.1 95 42 0.0150 0.0013 33,755 689 33,750 690

Aix-12015.6.2 104 46 0.0135 0.0013 34,606 748 34,610 750

Aix-12015.6.3 98 44 0.0135 0.0012 34,608 724 34,610 720 χ2 test: (df = 3, N = 4) T= 0.9 (5% 7.8)

Aix-12015.6.4 223 99 0.0138 0.0010 34,410 600 34,410 600 weighted mean: 34,340 +/-340

Aix-12015.5.1 200 82 0.0132 0.0011 34,768 647 34,770 650
Aix-12015.5.2 73 na 0.0147 0.0014 33,879 765 33,880 760
Aix-12015.5.3 84 32 0.0147 0.0014 33,921 763 33,920 760 χ2 test: (df = 3, N = 4) T = 1.4 (5% 7.8)

Aix-12015.5.4 76 31 0.0131 0.0014 34,830 836 34,830 +880/-800 weighted mean: 34,390 +/-380

Aix-12015.2.5 199 81 0.0132 0.0013 34,777 790 34,780 790
Aix-12015.2.6 78 31 0.0125 0.0013 35,177 862 35,180 +910/-820
Aix-12015.2.7 74 31 0.0132 0.0013 34,768 812 34,770 810 χ2 test: (df = 3, N = 4) T = 1.4 (5% 7.8)

Aix-12015.2.8 79 32 0.0147 0.0014 33,916 755 33,920 760 weighted mean: 34,670 +/-400

Aix-12015.3.5 194 79 0.0145 0.0012 33,988 643 33,990 640
Aix-12015.3.6 69 28 0.0159 0.0014 33,274 721 33,270 720
Aix-12015.3.7 87 35 0.0132 0.0013 34,772 806 34,770 810 χ2 test: (df = 3, N = 4) T = 2.0 (5% 7.8)

Aix-12015.3.8 74 30 0.0146 0.0014 33,971 768 33,970 770 weighted mean: 34,010 +/-370

Aix-12015.4.5 209 86 0.0128 0.0012 35,037 772 35,040 770
Aix-12015.4.6 86 34 0.0128 0.0013 34,992 835 34,990 840
Aix-12015.4.7 77 33 0.0147 0.0014 33,925 779 33,930 780 χ2 test: (df = 3, N = 4) T = 2.0 (5% 7.8)

Aix-12015.4.8 69 28 0.0121 0.0013 35,469 863 35,470 +910/-820 weighted mean: 34,870 +/-400

χ2 test for all replicates: (df=19, N =20) T=10.7 (5% 30.1) 

weighted mean: 34,450 +/-170

Aix-12017.2.1 191 71 0.0076 0.0011 39,247 1,145 39,250
+1,240/-

1,070

Aix-12017.2.2 68 27 0.0069 0.0012 39,986 1,417 39,990
+1,560/-

1,310

χ2 test for replicates from R-EVA 570.3 and 

R-EVA 570.8:

Aix-12017.2.3 84 31 0.0065 0.0012 40,479 1,521 40,480
+1,690/-

1,400
χ2 test: (df = 3, N = 4) T = 0.7 (5% 7.8) (df = 6, N = 7) T = 3.5 (5% 12.6)

Aix-12017.2.4 72 26 0.0077 0.0012 39,115 1,272 39,120
+1,380/-

1,180
weighted mean: 39,640 +/-660 weighted mean: 39050 +/-460

Aix-12017.1.2 71 28 0.0077 0.0012 39,129 1,264 39,130
+1,380/-

1,170

Aix-12017.1.3 70 26 0.0086 0.0013 38,229 1,177 38,230
+1,270/-

1,100
χ2 test: (df = 2, N = 3) T = 0.7 (5% 6.0)

Aix-12017.1.4 201 81 0.0091 0.0011 37,749 973 37,750 +1,040/-920 weighted mean: 38,300 +/-650

Aix-12017.3.1 64 25 0.0316 0.0017 27,747 439 27,750 440 χ2 test: (df = 1, N = 2) T = 0.2 (5% 3.8) Very low collagen yield

Aix-12017.3.2 69 29 0.0305 0.0018 28,027 461 28,030 460 weighted mean: 27,880 +/-320

Aix-12017.4.1 71 28 0.0168 0.0014 32,833 688 32,830 690 Very low collagen yield

Aix-12017.4.2 72 28 0.0102 0.0013 36,862 1,040 36,860 +1,110/-980 χ2 test: (df = 2, N = 3) T=12.3 (5% 6.0)

Aix-12017.4.3 69 27 0.0122 0.0014 35,378 907 35,380 +960/-860 weighted mean: 34,930 +/-490

χ2 test for all replicates: (df = 11, N =12) T = 339.3 (5% 19.7) 
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R-EVA Site R-EVA 
Bone wt 

(mg)
Coll yld (%) C:N AMS lab code 14C age ± R-EVA AMS lab code

GIS C 

(μg)
14C age ± (err 2) Session R-EVA Batch Form

Bone wt 

(mg)

Coll yld 

(mg)

Coll yld 

(%)
C:N

~500mg extraction, solid graphite target dates
~500mg bone extraction, EA-GIS-AMS dates (Fewlass et 

al., 2018)

Dec-17 1489.2 L piece 53.9 9.7 18.0 3.2

  <100mg bone extraction

124
Brown Bank, North 

sea Plains
124.43 639.5 11.7 3.1 MAMS-26877 50150

+2080/−

1650
124.43 Aix-12002.4.1 84 >45430

Woolly Rhino, long 

bone
Aix-12002.1.2 49300

+1610/−

1340
124.43 Aix-12002.4.2 89 >43770

(Previously labeled as 

Bison)
Aix-12002.1.3 48800

+1530/−

1290
124.43 Aix-12002.4.3 80 48610

+4930/-

3030

124.43 Aix-12002.4.4 74 >43590

Jun 17 124.58 A1 piece 70.6 10.2 14.4 3.2

7.3 3.2Jun 17 124.61 A4  powder 83.1 6.1

14.7 3.2

Jun 17 124.60 A3  powder 88.8 3.5 3.9 3.2

Jun 17 124.59 A2 piece 90.2 13.3
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R-EVA

1489
124

Statistical agreement of replicate measurements 

AMS lab code
Coll wgt 

(μg)
GIS C (μg) F14C ± 14C age ± 14C age ±

T is the calculated χ2 value and should be lower than the value 

given in brackets to be considered contamporaneous at 95% 

confidence. The degrees of freedom are given by 'df'. 

Adjusted age

Notes 

  <100mg bone extraction, EA-GIS-AMS dates

Aix-12002.5.2 213 89 0.0038 0.0011 44,678 2,228 44,680
+2,610/-

1,970

χ2 test including the Fewlass et al 2017 gas 

measurements: 

Aix-12002.5.3 67 27 0.0029 0.0011 46,959 3,156 46,960
+4,010/-

2,660
χ2 test: (df = 2, N = 3) T = 1.5 (5% 6.0) (df=18, N=19) T = 10.1 (5% 28.9)

Aix-12002.5.4 82 34 0.0019 0.0011 50,193 4,503 >44,150 weighted mean: 47,030 +/-1780 weighted mean: 49210 +/- 930

Aix-12002.6.1 218 91 0.0025 0.0010 48,114 3,263 48,110
+4,190/-

2,740

Aix-12002.6.2 74 31 0.0031 0.0011 46,451 2,908 46,450
+3,610/-

2,480

Aix-12002.6.3 76 32 0.0023 0.0011 48,845 3,745 48,840
+5,040/-

3,070
χ2 test: (df = 3, N = 4) T = 0.3 (5% 7.8)

Aix-12002.6.4 77 32 0.0024 0.0011 48,528 3,698 48,530 +4950/-3040 weighted mean: 47,900 +/-1680

Aix-12002.7.1 201 73 0.0010 0.0010 55,266 8,199 >46,330
Large sample size corrected with small size 

background - Overcorrected

Aix-12002.7.2 78 30 0.0019 0.0011 50,253 4,801 >43,940

Aix-12002.7.3 67 24 0.0025 0.0011 48,219 3,701 48,220
+4,960/-

3,040
χ2 test: (df = 3, N = 4) T = 1.1 (5% 7.8)

Aix-12002.7.4 89 33 0.0020 0.0011 49,849 4,479 >43,830 weighted mean: 50,730 +/-2380

Aix-12002.8.1 190 75 0.0039 0.0012 44,586 2,446 44,590
+2,920/-

2,140

Large sample size corrected with small size 

background - Overcorrected

Aix-12002.8.2 81 28 0.0013 0.0011 53,543 7,035 >45,410
Aix-12002.8.3 69 33 0.0013 0.0011 53,475 6,813 >45,510 χ2 test: (df = 3, N = 4) T = 3.8 (5% 7.8)

Aix-12002.8.4 80 33 0.0012 0.0011 54,116 7,436 >45,700 weighted mean: 50,580 +/-2450

χ2 test for all replicates: (df=14, N =15) T = 9.2 (5% 23.7)

Weighted mean: 49,030 +/-1010

Unknown archaeological samples corrected with collagen backgrounds measured in same session according to size (small or large sample size) and type (extracted in solid or powder form) 
All powder samples corrected with 30ug powder backgrounds only (no 100 ug C BG)
3.5 ‰ scatter added to all samples 
Absolute error of the blank changed to 0.001
For dates >15,000 BP, values have been rounded to 10 
Asymmetrical errors given wherever F14C ≤ 1σ*10
“Older than” ages have been calculated for samples where F14C < 2σ, according to convention in van der Plicht and Hogg (2006)
"na" shows missing data. 
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Supplementary Dataset S3: EA-GIS-AMS data from background bone R-EVA 1753

Session R-EVA AMS lab code Batch Form Bone wt (mg) Collagen yld (%)
Collagen yld 

(mg)

GIS C mass 

(ug)
F

14
C F

14
C err

14
C age (y) +-(y)

Small aliquots

Jun-17 1753.29 Aix-12018.1.2 H Piece 69.2 11.0 83 32 0.0031 0.0005 46,441 1,173

Jun-17 1753.29 Aix-12018.1.3 H Piece 69.2 11.0 75 29 0.0036 0.0005 45,181 1,166

Jun-17 1753.34 Aix-12018.3.6 J Piece 99.4 11.0 79 33 0.0026 0.0004 47,829 1,319

Jun-17 1753.39 Aix-12018.4.7 A1 Piece 99.7 12.2 79 32 0.0035 0.0005 45,333 1,143

Jun-17 1753.39 Aix-12018.4.8 A1 Piece 99.7 12.2 76 32 0.0029 0.0005 46,916 1,318

Jun-17 1753.41 Aix-12018.5.2 A2 Piece 97.6 13.1 69 28 0.0042 0.0006 43,951 1,076

Jun-17 1753.41 Aix-12018.5.3 A2 Piece 97.6 13.1 81 33 0.0028 0.0005 47,101 1,311

Jun-17 1753.43 Aix-12018.6.6 A3 Powder 80.9 2.3 76 27 0.0047 0.0006 43,011 1,013

Jun-17 1753.45 Aix-12018.7.2 A4 Powder 87.8 5.8 76 24 0.0054 0.0006 41,989 941

Jun-17 1753.45 Aix-12018.7.3 A4 Powder 87.8 5.8 81 24 0.0047 0.0008 43,127 1,453

Dec-17 1753.48 Aix-12018.9.1 L Piece 62 13.5 99 50 0.0043 0.0005 43,680 990

Dec-17 1753.48 Aix-12018.9.2 L Piece 62 13.5 95 36 0.0046 0.0006 43,300 1,010

Dec-17 1753.56 Aix-12018.12.1 P Piece 68.7 13.0 90 39 0.0044 0.0005 43,600 940

Dec-17 1753.56 Aix-12018.12.2 P Piece 68.7 13.0 103 45 0.0038 0.0005 44,830 1,000

Dec-17 1753.59 Aix-12018.13.1 R Piece 79.9 14.6 90 41 0.0039 0.0006 44,470 1,200

Dec-17 1753.59 Aix-12018.13.2 R Piece 79.9 14.6 105 46 0.0037 0.0004 44,880 930

Dec-17 1753.60 Aix-12018.10.2 S Piece 69.3 14.7 99 43 0.0038 0.0005 44,720 1,060

Dec-17 1753.62 Aix-12018.14.1 U Piece 55.9 15.4 93 41 0.0049 0.0005 42,800 880

Dec-17 1753.62 Aix-12018.14.2 U Piece 55.9 15.4 112 49 0.0038 0.0005 44,710 1,000

Dec-17 1753.64 Aix-12018.15.1 BK Piece 76.2 11.0 102 53 0.0040 0.0004 44,450 890

Dec-17 1753.64 Aix-12018.15.2 BK Piece 76.2 11.0 108 41 0.0038 0.0004 44,700 880

Dec-17 1753.64 Aix-12018.15.3 BK Piece 76.2 11.0 98 34 0.0039 0.0004 44,630 890

Arithmetic mean: 0.0039

SD: 0.00069

Large aliquots 

Jun-17 1753.29 Aix-12018.1.1 H Piece 69.2 11.0 0.207 79 0.0025 0.0004 48,105 1,348

Jun-17 1753.34 Aix-12018.3.5 J Piece 99.4 11.0 0.198 82 0.0013 0.0003 53,533 1,772

Jun-17 1753.39 Aix-12018.4.6 A1 Piece 99.7 12.2 0.205 88 0.0018 0.0003 50,621 1,417

Jun-17 1753.41 Aix-12018.5.1 A2 Piece 97.6 13.1 0.218 89 0.0027 0.0004 47,386 1,299

Dec-17 1753.56 Aix-12018.12.3 P Piece 68.7 13.0 226 97 0.0024 0.0004 48,530 1,210

Dec-17 1753.60 Aix-12018.10.3 S Piece 69.3 14.7 231 96 0.0026 0.0004 47,870 1,260

Dec-17 1753.60 Aix-12018.10.4 S Piece 69.3 14.7 221 96 0.0029 0.0004 47,000 1,190

Dec-17 1753.62 Aix-12018.14.3 U Piece 55.9 15.4 224 97 0.0034 0.0004 45,650 870

Dec-17 1753.64 Aix-12018.15.4 BK Piece 76.2 11.0 252 98 0.0023 0.0003 48,780 1,060

Arithmetic mean: 0.0024

SD: 0.00061
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Supplementary Dataset S4: EA-GIS-AMS data from system blanks

Session 1: June 2017 

AMS lab code Sample GIS C mass (ug) F14C F14C err 14C age (y) +-(y) Notes

Aix-10424.2.10 IAEA-C1 103 0.0022 0.0004 48,982 1,337

Aix-10424.2.11 IAEA-C1 not recorded - large 0.0026 0.0004 47,787 1,177

Aix-10424.2.12 IAEA-C1 not recorded - large 0.0039 0.0005 44,607 1,068

Aix-10424.2.24 IAEA-C1 104 0.0024 0.0005 48,487 1,520

Aix-10424.2.9 IAEA-C1 120 0.0025 0.0004 48,128 1,214

Aix-10424.2.13 IAEA-C1 not recorded - small 0.0036 0.0005 45,153 1,111

Aix-10424.2.14 IAEA-C1 39 0.0046 0.0008 43,311 1,330

Aix-10424.2.16 IAEA-C1 19 0.0089 0.0009 37,896 832 not included due to small size

Aix-10424.2.17 IAEA-C1 14 0.0067 0.0010 40,164 1,158 not included due to small size

Aix-10424.2.21 IAEA-C1 28 0.0032 0.0005 46,039 1,225

Session 2: December 2017

AMS lab code Sample GIS C mass (ug) F14C F14C err 14C age (y) +-(y) Notes

Aix-10109.2.12 Phthalic anhydride 46 0.0039 0.0004 44,648 870 8.00592.0100 from millipore

Aix-10109.2.13 Phthalic anhydride 117 0.0020 0.0004 49,822 1,598 8.00592.0100 from millipore

Aix-10109.2.14 Phthalic anhydride 43 0.0030 0.0004 46,759 1,046 8.00592.0100 from millipore

Aix-10109.2.15 Phthalic anhydride 133 0.0025 0.0004 48,245 1,300 8.00592.0100 from millipore
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ABSTRACT  
 
The ritual human burials and scattered fragments of human bones excavated from Dolní Věstonice II and Pavlov I (Czech 

Republic) in the 20th century provide a large body of evidence on morphology and funerary practices in the Gravettian as well 

as the population history of European Homo sapiens during the Upper Palaeolithic. A series of radiocarbon dates on charcoal 

and animal bone places the occupation of the sites predominantly between 31,000–29,000 cal BP (Early-Evolved Pavlovian) 

but direct radiocarbon dating of the human remains has not been previously undertaken. In 2013, human bones from Dolní 

Věstonice II and Pavlov I were sampled for aDNA analysis, including three skeletons from a triple burial (DV13, DV14, DV15), 

two skeletons from single burials (Pav1, DV16) and two unarticulated human bones (DV42, DV43). Small amounts of bone 

material were left over from the aDNA sampling, providing the first opportunity to directly date seven of the human individuals. 

Non-destructive pre-screening with near-infrared (NIR) spectroscopy indicated that sufficient collagen was preserved in the 

bone material for radiocarbon dating. We sampled very small amounts (32–202 mg) of bone material for collagen extraction, 

ultrafiltration and accelerator mass spectrometer (AMS) dating. Each collagen extract was dated multiple times using both 

graphite targets (ca. 800 μg C) and the gas ion source (< 100 μg C) of the AixMICADAS to obtain accurate and precise 

radiocarbon ages. The direct dates confirm the Pavlovian origin of the human remains and indicate that several of the radiocarbon 

dates carried out in the 1980s on associated charcoals were likely aff ected by low-level contamination of modern carbon. The 

results add seven individuals to the small collection of reliably dated Upper Palaeolithic humans in Europe.  
 

 
 
 
1. Introduction 

 
Human remains excavated from Gravettian contexts across Eurasia have 

been the focus of considerable palaeobiological research, including numerous 

elaborate ritual burials that offer fascinating insights into the biology and 

behaviour of mid Upper Palaeolithic people (see inventories in Henry-

Gambier, 2008; Pettitt, 2011; Trinkaus et al., 2014; Vanhaeren and d'Errico, 

2002). The large hunter-gatherer settlements at Dolní Věstonice and Pavlov, 

located on the northeastern slopes of the Pavlov Hills in Czech Republic (Fig. 

1), have yielded 
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extensive evidence of Pavlovian behaviour (a local variant of the Eastern 

Gravettian culture). The Dolní Věstonice-Pavlov region, which includes the 

large site clusters of Dolní Věstonice I (DVI), DVII, DVIII, Pavlov I and 

Pavlov II, is particularly notable for some of the earliest examples of carved 

mammoth ivory and fired clay objects of human and animal figurines, notably 

the fired clay Venus of Věstonice from DVI (Absolon, 1933; Vandiver et al., 

1989). Over the course of the 20th century, several ritual human burials and 

numerous disarticulated human bones were excavated from these sites, 

including the famous triple burial from DVII (Klima, 1987; Sázelová et al., 

2018; Sládek et al., 
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Fig. 1. Map of the Middle Danube region of central Europe showing the locations of Dolní Věstonice, Pavlov, and other nearby sites containing Gravettian burials mentioned in the text. 

 
2000; Svoboda, 1987, 2016; Trinkaus and Svoboda, 2006; Trinkaus et al., 

2010; Trinkaus et al., 2017; Vlcek, 1997). A series of radiocarbon dates on 

charcoal and bone measured at the Oxford and Groningen laboratories place 

the main occupations of DVII and Pavlov I between ~31,000–29,000 cal BP 

(Svoboda et al., 2016). 

 

The human skeletal collection from Dolní Věstonice-Pavlov is the largest 

sample of human remains existing for this time period. Extensive analysis of 

this collection has greatly contributed to our understanding of the 

morphological variability, pathology and burial practices of Pavlovian people 

(Trinkaus and Svoboda, 2006). In 2013, 13 human bones from DVII and Pavlov 

I were sampled for aDNA analysis (Mittnik and Krause, 2016) and the results 

constitute a relatively large proportion of the genetic data used to investigate 

the population history of Upper Palaeolithic Europe (Fu et al., 2016). Given 

their importance within the assemblage of Upper Palaeolithic human skeletal 

material, it became increasingly important to directly date the human remains. 

Here we show the results of a new radiocarbon dating program of seven 

individuals using small amounts of bone material (< 200 mg) which were left 

over following aDNA analysis. We used rigorous methods of sample 

pretreatment established for small and precious Palaeolithic bones and obtained 

replicate radiocarbon measurements from each bone using two AMS dating 

methods (Fewlass et al., 2019). The directly dated individuals include the three 

skeletons from the triple burial (DV13, DV14, DV15), two skeletons from 

single burials (Pav1, DV16) and two unarticulated human bones (fibula 

fragment DV42 and femoral fragment DV43). aDNA analysis was also carried 

out for isolated human bones DV40, DV41, DV45, DV56 and DV57 from DVII 

but no material remained for dating (Mittnik and Krause, 2016). 

 
 

2. Archaeological context of the human remains 
 

2.1. Dolní Věstonice II 

 

DVII has been excavated in a series of salvage excavations since the 1980s. 

The site complex is located 220–240 m above sea level (asl) on a loess elevation 

above the Dyje River. It is made up of distinct settlement units with central 

hearths, formed through repeated, short-term occupations. Although the area is 

large (almost 500 m2), the occupation of DVII was less intensive than nearby 

DVI or Pavlov I and lacks the iconic artistic and decorative objects (Svoboda, 

2006a). In addition to the ritual burials (DV13, DV14, DV15, DV16) a high 

number of unarticulated human bone fragments were found scattered 

throughout the cultural layers (Fig. 2; Sládek et al., 2000; Svoboda, 2006a; 

Trinkaus et al., 2000). The site is one of the most extensively dated Pavlovian 

settle-ments (Svoboda et al., 2016). A cluster of dates around 27,000 14C BP 

(end of the Early Pavlovian phase) was associated with some un-articulated 

human remains but the majority of the human burials were associated with 

dates from the Evolved Pavlovian phase between 27,000–25,000 14C BP (Table 

1; Svoboda et al., 2016; Trinkaus and Svoboda, 2006). 

 

In 1986, a triple human burial (Fig. 3) was discovered during excavation of 

the upper southern periphery of the site-top area (settle-ment units K7–9; 

Klima, 1987). The central figure (DV15) was lain on his back and showed 

evidence of congenital abnormalities (Trinkaus et al., 2016). The left figure 

(DV13) was also on his back, slightly twisted towards the central figure. The 

figure on the right (DV14) was lying on his front. The arms of the DV13 and 

DV14 overlapped the central figure, testifying that DV15 was laid out first. All 

three have been identified as adolescent-young adults (Trinkaus et al., 2016). 

Genetic analyses confirmed that the three individuals were male and found that 

DV14 and DV15 were closely maternally related (Mittnik and Krause, 2016). 

The burial included a small number of perforated 
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Fig. 2. Plan of (a) Pavlov I and (b) Dolní Věstonice II showing the locations of the human burials (squares) and unarticulated human bones (circles) excavated from the site. The human 

remains dated in the study are shown in red and those in black are documented elsewhere (Sládek et al., 2000; Trinkaus et al., 2010). In (b) the 230 m and 240 m asl contour lines are 

shown, with the site sloping down towards the north-northwest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 
canine teeth and ivory pendants and large concentrations of ochre, notably 

present as thick crusts on the skulls of the three individuals and pelvic area of 

the central figure. A large amount of charcoal was present in the burial, 

including the charcoal sample that produced the asso-ciated date (GrN-14831; 

Table 1). 

  
The burial of DV16, an adult male, was excavated in 1987 (Fig. 3) from 

settlement unit S1 on the western slope of DVII (Svoboda, 1987, 2006b, 2016). 

The skeleton was laid on his right side in a flexed position facing the central 

hearth which was only 20 cm from his knees. The head and pelvic area were 

covered in a thick layer of ochre, and four perforated carnivore canines were 

found in association with the skeleton. The dated charcoal sample (GrN-15276) 

was associated with the burial (Table 1). Extensive root etching on the 

skeletons of DV13–16, which probably occurred during the Interpleniglacial 

(MIS3) shortly after deposition, indicates the burials were shallow or the bodies 

were laid directly on the ancient surface and may have been covered by 

superstructures for protection (Svoboda, 2006b, 2016; Trinkaus et al., 2010). 

 

DV42 and DV43 were both excavated in 1987 from the lower part of the 

western slope but were only identified as human during laboratory processing 

of the archaeozoological material in 1998 (Holliday et al., 2006; Trinkaus et 

al., 2000). DV42 is a fragment of human fibula, which was located 

approximately 1 m from the central hearth in settlement unit S2, where the 

associated charcoal date (GrN-15279) comes from (Table 1; Svoboda et al., 

2016). DV43, a fragment of human femur, was excavated from a depression 

with faunal bones and traces of fire and 

 
Table 1 

 

 

red ochre located approximately 1 m from the central hearth and 1 m from the 

DV16 burial in unit S1 (Svoboda et al., 2016). The associated date (GrN-

15277) is from charcoal taken from the S1 hearth (Table 1). 

 
 
2.2. Pavlov I 
 

Pavlov I was systematically excavated between 1952 and 1972 (north-west 

and south-east sections) by B. Klima and again between 2013 and 2015 (south-

east and south-west sections) by J. Svoboda (Svoboda et al., 2016). Based on 

dates from the Klima excavations it was thought that Pavlov I formed through 

a high intensity of repeated occupations during the Evolved Pavlovian period 

(27,000–25,000 14C BP; Svoboda, 2006a), but the more recent excavations 

show that the large site complex has a longer deposition of cultural deposits 

from the Early Pavlovian (Svoboda et al., 2016). The burial of an adult male 

(Pavlov 1) was excavated from the north-western part of the site in 1957 

(Vlcek, 1997). Post-depositional slope movements caused some displacement 

of the skeleton. No ochre or artefacts were related to the burial but the skeleton 

was partially covered by mammoth scapulae. A human maxilla and two 

mandibles (Pavlov 2–4) were excavated from the same area and isolated human 

teeth and bone fragments were found throughout the cultural layers (Sázelová 

et al., 2018; Svoboda et al., 2016; Trinkaus et al., 2017). The charcoal date 

(GrN-20391; Table 1) was the only date from the north-western portion of the 

site but was not directly associated with the burial (Svoboda, 2006b). 

 

Previously published conventional radiocarbon dates and calibrated ranges (cal BP) of charcoals associated with the human remains from DVII and Pavlov I. DVII dates are reported in 

Svoboda et al. (2016). Pavlov I date is reported in van der Plicht, (1997). Radiocarbon ages were calibrated using the IntCal13 calibration curve (Reimer et al., 2013) in OxCal 4.2 (Bronk 

Ramsey, 2009). Dates have been rounded to the nearest 10 years. 
  

Sample ID Context Material dated Lab code 14C age (BP) Error (1σ) 2σ calibrated range (cal BP) 
       

Pav1 Single burial Charcoal (unrelated to burial) GrN-20391 26,170 450 31,110–29,420 
DV13 Triple burial Charcoal in burial GrN-14831 26,640 110 31,070–30,670 

    DV14       

    DV15       

DV16 Single burial Charcoal in burial GrN-15276 25,570 280 30,540–29,040 
DV42 Unarticulated Charcoal in S2 hearth GrN-15279 26,920 250 31,320–30,700 
DV43 Unarticulated Charcoal in S1 hearth GrN-15277 25,740 210 30,580–29,400 
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Fig. 3. Photos taken during the excavation of the DVII human burials in the 1980s, showing the DV13, DV14 and DV15 individuals in the triple burial (left) and the single burial of 

DV16 (right). Photos by J. Svoboda. 

 
3. Materials and methods 

 
The human remains were consolidated immediately following ex-cavation 

(acrylic resin to the skeletons from the triple burial and PVA to DV16 and the 

isolated fragments). Various protocols are applied to archaeological bone to 

remove conservatives prior to collagen extraction as their presence can 

significantly affect 14C ages through the introduction of non-endogenous carbon 

(Brock et al., 2017). However, additional pretreatment steps (such as repeated 

organic solvent washes) increase the likelihood of damage to collagen and the 

introduction of lab-based contamination. Due to the limited material available 

from the DVII and Pavlov human remains we decided to apply our standard 

pretreatment method to very small aliquots of the available bone to reserve 

some material for further pretreatment if we found evidence of contamination 

in the first extracts. 

 
During sampling for aDNA analysis, the outer bone surface was removed 

(Rohland and Hofreiter, 2007). All of the samples were taken from femora, 

except DV43 which was taken from a fibula. For six samples, a mixture of bone 

powder and small fragments of whole bone remained after sampling for aDNA. 

As it has been demonstrated that higher collagen yields are obtained when 

whole pieces of bone, rather than powdered bone, are pretreated (Fewlass et al., 

2019), small whole bone fragments (32.3–70.4 mg material) were selected for 

pretreat-ment. For DV15, only bone powder was available so a larger sample 

(203 mg) was taken for collagen extraction. 

 
Recently it has been shown that near-infrared (NIR) spectroscopy is a 

promising method for effective, fast and non-destructive pre-screening of 

archaeological bone for the presence of intact collagen (Sponheimer et al., 

2019). Using the methods described in Sponheimer et al., (2019), NIR 

spectroscopy was used to analyse the bone powder of 

 

 

the DVII and Pavlov I burial remains prior to pretreatment to determine if 

sufficient collagen was preserved for radiocarbon dating. Powdered bone 

samples were scanned using a fiber-optic reflectance probe attached to a 

LabSpec 4 NIR spectrometer with a spectral range of 350 nm to 2500 nm. 

Subsequent data transformations and analyses were undertaken using 

Unscrambler X software (Camo Analytics, Oslo). A Savitzky-Golay 

transformation (derivative order = 2; polynomial order = 3; smoothing points = 

31) was performed to correct for additive and multiplicative effects in the 

spectral data. A 1-factor model was used that restricts the spectra to the peaks 

at 2050 nm and 2180 nm, which have been shown to differ in relation to 

collagen content (Sponheimer et al., 2019). 

 

Pretreatment was carried out in the Human Evolution department at the 

Max Planck Institute for Evolutionary Anthropology, Leipzig, following the 

modified Longin (1971) protocol described in Fewlass et al. (2019). Bone 

samples were fully demineralized in HCl 0.5 M, treated with a base wash 

(NaOH 0.1 M) to remove humic acid contamination and reacidified in HCl 0.5 

M. The samples were then gelatinized in weakly acidic water (HCl pH 3) at 70 

°C for several hours. The resulting gelatin was filtered to remove large particles 

(>80 μm; Ezee filters, Elkay labs, UK) and ultrafiltered (Sartorius VivaSpin 

Turbo 15) to concentrate the high molecular weight fraction (>30 kDa; Brown 

et al., 1988), which was then freeze-dried for 48 h. Ultrafilters were cleaned 

before use (Brock et al., 2007; Bronk Ramsey et al., 2004). A background bone 

(dating to >50,000 BP) was pretreated and measured alongside the samples to 

monitor and account for any contamination introduced in the laboratory. 

 

To assess the quality of the extracts, collagen (ca. 0.5 mg) was packed into 

tin capsules and measured with a ThermoFinnigan Flash elemental analyser 

(EA) coupled to a Thermo Delta plus XP isotope 
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ratio mass spectrometer (IRMS) to determine the elemental (C%, N%, C:N) 

and stable isotopic values (δ13C, δ15N). Stable carbon isotope ra-tios were 

expressed relative to Vienna PeeDee Belemnite (VPDB) and stable nitrogen 

isotope ratios were measured relative to atmospheric N2 (AIR), using the delta 

notation (δ) in parts per thousand (‰). Repeated analysis of internal and 

international standards indicates an analytical error of ± 0.2‰ (1σ). In addition, 

a small amount (ca. 0.3 mg) of each collagen extract was homogenized in a 

mortar and pestle, mixed with ~40 mg IR grade KBr powder and pressed into 

a pellet using a manual hydraulic press (Wasserman). The pellets were analysed 

with an Agilent Technologies Cary fourier transform infra-red (FTIR) 

spectrometer with a deuterated triglycine sulfate (DTGS) detector. Sample 

spectra were recorded in transmission mode at 4 cm-1 resolution and averaged 

for 34 scans between 4000 and 4 cm-1  using Resolution Pro software (Agilent 

Technologies, Santa Clara). The spectra were evaluated and compared to 

library spectra of well-preserved collagen and bone to look for evidence of 

incomplete demineralisation, degraded collagen or the presence of any 

exogenous material in the extracts (D'Elia et al., 2007; DeNiro and Weiner, 

1988; Yizhaq et al., 2005). 

 

We made use of the hybrid nature of the ion source of the AixMICADAS 

(Bard et al., 2015; Wacker et al., 2010c) installed at CEREGE (Centre de 

Recherche et d'Enseignement de Geosciences de l'Environnement, Aix-en-

Provence, France) to date each collagen extract multiple times with both 

graphite targets (2–3 mg bone collagen) and the gas ion source (Fewlass et al., 

2017, 2019). Collagen was weighed into tin cups (ca. 2 mg), graphitized using 

the AGE 3 (Auto-mated Graphitisation Equipment; Wacker et al., 2010b) and 

dated using the AixMICADAS. Oxalic acid II standards and background 

collagen samples were measured in the same session and used in the age cal-

culation of the archaeological samples. An external error of 1‰ was 

propagated in the error calculation as per standard practice. 

 

Gas measurements were performed using the protocol described in Tuna et 

al. (2018) and Fewlass et al. (2019). Small aliquots of collagen (< 200 μg 

collagen) were measured into cleaned silver cups (800 °C, 2 h) and combusted 

in an Elementar Vario MICRO cube EA (Elementar Analysensysteme GmbH, 

Germany) which was directly coupled to the gas ion source of the 

AixMICADAS via the gas interface system (GIS; Ruff et al., 2010; Wacker et 

al., 2013). The sample CO2 was mixed with helium (5% CO2) and fed into the 

gas ion source at a flow rate of ca. 2 μg C/min. The EA-GIS system was flushed 

with helium to clean be-tween samples. Precleaned Ti gas targets were 

presputtered (2 min) in the ion source to remove remaining surface 

contamination. Oxalic acid NIST standards (from a gas canister) were 

measured to normalize and correct samples for fractionation. The long-term 

standard deviation of blanks (F14C = 0.001) was used as the absolute blank error 

and an external error of 3.5‰ was added (Fewlass et al., 2017; Tuna et al., 

2018). The background collagen (14C free) was measured alongside the samples 

and used in the age calculation of archaeological samples. All data reduction 

was performed in BATS (Wacker et al., 2010a). 

  
The radiocarbon ages were calibrated in OxCal 4.3 (Bronk Ramsey, 2009) 

against the IntCal13 dataset (Reimer et al., 2013). To combine the multiple 

dates we had from each collagen extract we used the R_Combine function in 

OxCal 4.3 using the F14C and error. As part of this function, a χ2 test was 

performed to see if the dates agree statistically (Ward and Wilson, 1978). 

Following calibration, we used the Combine function to combine the weighted 

mean of the dates for each individual and the previous charcoal date from 

within the triple burial. 

 

4. Results 

 

Estimates of collagen preservation in the bone powder from NIR 

spectroscopy ranged from 7.2 to 9.5% (Table 2). The NIR estimate was 

identical to the extracted yield for DV14 and DV15 but slightly un-

derestimated the collagen yields of Pav1, DV13 and DV16. This discrepancy 

may relate to the fact that powdered bone was scanned whereas whole bone 

pieces were extracted for all three individuals. The 
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lower estimates for the powdered aliquots may result from the de-gradation of 

collagen during the process of transforming whole bone fragments into powder. 

In all cases, the NIR prescreening correctly determined that the bones had 

sufficient collagen preserved for ex-traction and analysis. 
 

Following bone pretreatment, the quality of the extracted collagen was 

assessed based on the yield (as a percentage of the overall weight of the bone 

where modern bones typically yield ca. 22% weight collagen) and the elemental 

values determined by EA-IRMS. The collagen yields were excellent (8–14% 

collagen preserved) for Palaeolithic bone (the generally accepted lower limit 

for dating is 1%) and the elemental values (C%, N%, C:N) were within the 

accepted ranges for well-preserved collagen (C%: 30–45%; N%: 11–16%; 

C:N: 2.9–3.6), indicating that the collagen extracts were suitable for 

radiocarbon dating (Table 2; van Klinken, 1999). The δ13C and δ15N values of 

the seven individuals fall within the range of stable isotopic values seen for 

other mid Upper Palaeolithic humans in Eurasia (see Trinkaus et al., 2014). The 

new direct AMS dates from the seven individuals confirm they belong to the 

collection of mid Upper Palaeolithic human remains in central Europe. The 

weighted mean age for each human is shown in Table 2 and the calibrated 

ranges of the radiocarbon dates are shown in Fig. 4 (all AMS determinations 

are included in SOM Table S1). The radiocarbon dates determined through both 

the graphite and direct CO2 dating methods agree within two standard 

deviations (2σ; 95.4%) for the six bones from DVII. Although the graphite date 

from the Pav1 bone collagen is within 2σ of the CO2 dates from the same 

collagen extract, it is at the outer limit of this range and the dates just fail the χ2 

test of contemporaneity at the 95% confidence level (χ2 test: T = 6.6 [5% 6.0], 

df = 2). The dates from the individuals buried in the triple grave are statistically 

indistinguishable which is in accordance with the genetic conclusion that DV14 

and DV15 were closely maternally related (Mittnik and Krause, 2016) and the 

archaeological interpretation that the three individuals were interred at the same 

time (Klima, 1987). When the direct bone dates of the three humans and the 

previously dated charcoal from the triple burial are combined in OxCal (Fig. 4) 

the level of agreement is excellent (Acomb = 97.5%, An = 35.5%), giving a 

narrow calibrated age of 31,010–30,910 cal BP (1σ; 68.2% confidence level). 

 

Although all C%, N% and C:N values of the collagen extracts are all within 

accepted ranges of well-preserved collagen, the C:N values of DV14, DV42 

and Pav1 are at the higher end of this range (Table 2) which can indicate the 

presence of contaminating carbon (van Klinken, 1999). To assess if there was 

any evidence of contamination from the conservatives applied in the 1980s, the 

collagen extracts were analysed with FTIR (D'Elia et al., 2007). All extracts 

had spectra characteristic of well-preserved collagen with no evidence of 

exogenous material (Supplementary Online Material [SOM] Fig. S1). The 

agreement of 14C ages between the collagen extracts from DV14, DV42 and 

Pav1 and the as-sociated charcoal samples and between DV14 and the other 

individuals in the triple grave imply that the 14C ages are not significantly 

affected by carbon contamination from the conservatives applied after excava-

tion. The removal of the outer bone surface followed by the acid-base-acid 

sequence, gelatinisation, ultrafiltration and multiple washes with H2O during 

the pretreatment appear to have sufficiently removed any conservatives from 

the collagen extracts that may have caused erroneous 14C results. 

 

5. Discussion 

 

For Pav1, DV13, DV14, DV15 and DV42, the new dates from the human 

bone collagen overlap with the associated/proximal charcoal dates at 1σ (68.2% 

probability) or 2σ (95.4% probability). For the single burial DV16, the dates 

from the human skeleton (27,220 ± 110 14C BP) are approximately 1850 14C 

years older than the date from charcoal within the grave (25,570 ± 280 14C BP; 

GrN-15276) and there is a very low level of agreement when they are combined 

in OxCal (Acomb = 0.9%, An = 50.0%). The DVII charcoal samples were 
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Table 2  
Pretreatment data and accelerator mass spectrometer (AMS) radiocarbon determinations for the human bones pretreated from DVII and Pavlov I. Weighted mean ages and 1σ errors are 

given for replicate AMS measurements made from each collagen extract (shown in SOM Table S1). Calibrated ranges (cal BP) were determined in OxCal 4.3 (Bronk Ramsey, 2009), 

against the IntCal13 dataset (Reimer et al., 2013). All dates have been rounded to the nearest 10 years.   
Sample ID Bone NIR prediction Collagen Collagen δ

13
C (‰) δ

15
N (‰) C% N% C:N 14C age Error (1σ) 1σ calibrated range 2σ calibrated range 

 used collagen (%) yield (mg) yield (%)      (BP)  (cal BP) (cal BP) 
 (mg)             
              

Pav 1 50.4 7.2
a
 4.7 9.3 −19.5 13.6 41.2 14.3 3.4 25,490 90 29,720–29,410 29,910–29,260 

DV13 42.3 9.3
a
 5.7 13.5 −19.3 12.9 38.5 14.0 3.2 27,040 100 31,170–30,980 31,250–30,880 

DV14 37.9 9.4
a
 3.6 9.5 −20.2 13.3 39.0 13.1 3.5 26,760 100 31,040–30,830 31,120–30,730 

DV15 201.5 8.0 16.2 8.0 −19.4 12.6 37.1 13.3 3.2 26,680 70 31,020–30,820 31,110–30,720 
DV16 32.3 9.5

a
 4.5 13.9 −19.7 12.5 38.5 13.8 3.3 27,220 110 31,250–31,060 31,350–30,970 

DV42 53.1  4.8 9.0 −19.8 12.7 39.2 13.5 3.4 26,880 110 31,110–30,900 31,180–30,790 
DV43 70.4  7.2 10.2 −19.6 12.6 38.9 13.7 3.3 27,070 110 31,190–30,990 31,270–30,890  

 
a Near-infrared spectroscopic estimates were made for powdered bone whereas whole pieces were pretreated for all the individuals except DV15, where only powder was available.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Calibrated ranges of the new direct dates from the human remains (dark grey) and 

the associated charcoal dates produced in the 1980s (blue). The range shown for each bone 

date represents the weighted mean of replicate measurements from one collagen extract. 

The brackets beneath each distribution show the 1σ (68.2%) and 2σ (95.4%) probability 

ranges. The dates from the individuals in the triple burial and the associated charcoal date 

were combined (boxed). Calibrations were performed in OxCal 4.3 (Bronk Ramsey, 2009) 

using the IntCal13 dataset (Reimer et al., 2013). (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

 

 
pretreated before rigorous acid-base-wet oxidation (ABOX) pretreat-ment 

methods had been established to remove contamination from charcoal samples 

(Bird et al., 1999, 2014). Ultrafiltration of Palaeolithic bone collagen often 

produces older ages compared to non-ultrafiltered collagen from the same 

bone, which is attributed to the removal of small molecular weight 

contaminants from the final sample (Higham et al., 2006; Talamo and Richards, 

2011). As any modern carbon con-tamination present in a sample at the time of 

dating will make an age younger, older dates are generally considered more 

accurate (Higham et al., 2006; Higham, 2011). It is therefore likely that the 

discrepancy in 

 

 

age between the DV16 bone and associated charcoal date is due to a small 

amount of modern carbon contamination not removed from the charcoal sample 

in the 1980s, which led to an underestimation in age. The new direct dates place 

the DV16 burial slightly older than the triple burial, falling within the late Early 

Pavlovian range of dates (around 27,000 14C BP; 31,000 cal BP) obtained from 

other charcoals at the site (Svoboda et al., 2016). The bone date for DV43 is 

also older than the date from the charcoal in the nearby S1 hearth. Either the 

hearth was made after the human had died, or the charcoal date is also an un-

derestimation due to incomplete purification of the sample in the 1980s (more 

likely this scenario, considering DV16; Fig. 4). The new bone dates indicate 

that the Pavlov 1 burial dates slightly later than the burials at DVII. 

 
Ritual and isolated human remains are present at a significant number of 

Upper Palaeolithic sites in addition to DV and Pavlov (see Pettitt, 2011). At 

several sites, human bones have been found scattered throughout the 

occupational sequences as well as in ritualistic burials. At Sunghir, Russia, the 

individuals Sunghir 1, 2 and 3 were interred in spectacularly rich burials (most 

recently dated between ~30,000–28,000 14C BP by compound specific 

radiocarbon dating; Marom et al., 2012; Nalawade-Chavan et al., 2014). 

Fragmented human bones (Sunghir 4 and 5) were found associated with the 

burials, potentially with cultural significance, and in the cultural layer (Sunghir 

7) (Trinkaus and Buzhilova, 2018). This phenomenon has led to many 

questions about variable mortuary practices in the mid Upper Palaeolithic. The 

differential treatment of the dead at DV and Pavlov has been discussed 

previously in terms of both human behaviour and taphonomic factors (Sázelová 

et al., 2018; Svoboda, 2008; Trinkaus et al., 2000; Trinkaus et al., 2010; 

Trinkaus et al., 2019). The contemporaneous dates from the burials and the 

fragmentary unarticulated bones at DVII (Fig. 4) further demonstrate that 

postmortem treatment of different individuals varied concurrently, either 

naturally or though human intervention. 

 

The DVII human burials are contemporary with other burials in the Middle 

Danube region of Central Europe (Fig. 5; Einwögerer et al., 2006; Svoboda, 

2008). A large collection of human burial remains (>20 individuals) was 

excavated in the 19th and 20th centuries from Predmosti, located close to the 

Moravian Gate around 100 km north-east of DV/Pavlov (Fig. 1), but 

lamentably the majority of the collection was destroyed in a fire in 1945 

(Svoboda, 2008). The few fragmentary remains have not been directly 

radiocarbon dated but the layer associated with the burials dates to the Evolved 

Pavlovian period (27,000–25,000 14C BP), which would make them roughly 

contemporaneous or slightly later than the DVII and Pavlov burials. A double 

burial of new-born infants (Burial 1), sealed with a large mammoth scapula and 

containing large amounts of ochre and ornaments, was excavated at Krems-

Wachtberg, Austria (Fig. 1), along with another single infant burial (Burial 2; 

Einwögerer et al., 2006). The skeletons have not been directly dated but both 

burials were associated 
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Fig. 5. Calibrated dates of the DVII and Pavlov 1 human remains in 

comparison to other central European mid Upper Palaeolithic human 

remains discussed in the text. Direct dates on human remains are 

shown in purple and associated dates are shown in black. DV35 is not 

shown as the date is thought to be anomalously young. Figure 

produced in OxCal 4.3 (Bronk Ramsey, 2009) using the IntCal13 

(Reimer et al., 2013) dataset. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of 

this article.) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with a well-preserved living floor dated to ca. 27,000 14C BP and charcoal 

associated with Burial 1 gave a date of 26,520 + 210/−200 14C BP (VERA-

3819; 68.2%: 30,970–30,630 cal BP), making it contemporaneous with the 

DVII triple burial (Einwögerer et al., 2009). A collection of six deciduous 

human teeth and 112 pendants made of large herbivore teeth from Borsuka 

Cave, Poland (~300 km NE of DV/ Pavlov), has also been interpreted as an 

infant burial, although the context is highly disturbed (Wilczyński et al., 2016). 

The human teeth have not been dated directly but two of the pendants were 

dated to 27,350 ± 450 14C BP (Poz-32394: 68.2%: 31,640–30,930 cal BP) and 

25,150 ± 160 14C BP (Poz-38236: 68.2%: 29,400–28,980 cal BP) and a reindeer 

metatarsus from the associated Layer VI was dated to 26,430 ± 180 14C BP 

(Poz-38237) (Wilczyński et al., 2012; Wilczyński et al., 2016). Although not 

contemporaneous to each other, the dates suggest that the infant remains may 

originate from a similar time range as the remains from DV/Pavlov, and led to 

the association of the burial with the Pavlovian culture, despite a lack of 

associated diagnostic ar-tefacts (Wilczyński et al., 2016). 

 

The only other directly dated human remains from the Middle Danube 

region fall within the later Willendorf-Kostenkian stage of the Gravettian 

(25,000–21,000 14C BP; Fig. 5). An isolated femur (Willendorf I) was 

excavated at Willendorf, a large open-air site complex located on the bank of 

the Danube River, Austria, in the 1880s. The bone yielded a direct radiocarbon 

age of 24,250 ± 180 14C BP (ETH-20690; 68.2%: 28,500–26,070 cal BP; 

Teschler-Nicola and Trinkaus, 2001), but information on its original context is 

lacking. The exceptionally rich Brno 2 burial (40 km north of DV and Pavlov; 

Fig. 1) was directly dated to 23,680 ± 200 14C BP (OxA-8293; 68.2%: 27,940–

27,610 cal BP; Pettitt and Trinkaus et al., 2000). In closer proximity, an 

unarticulated human femur (DV35) from nearby DVI is the only previously 

directly dated human bone from the DV/Pavlov area and is dated to 22,840 ± 

200 14C BP (OxA-8292; 68.2%: 27,420–26,980 cal BP; Trinkaus et al., 1999). 

However, DV35 was only identified as human in the 1990s so its exact context 

within DVI is uncertain. The much younger age compared to the other Early or 

Evolved Pavlovian dates from the site indicate that the sample was 

contaminated (Svoboda et al., 2016; Trinkaus et al., 1999). It is worth noting 

that Willendorf I, Brno 2 and DV35 were pretreated before the wide spread 

application of ultrafiltration and it has been suggested that 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the dates provide little more than confirmation that these human remains belong 

to the Gravettian (Trinkaus et al., 2014). 

 

6. Conclusion 

 

The results of this study confirm the Pavlovian origin of the seven human 

bones from DVII and Pavlov I, in two cases (DV16 and DV43) pushing back 

the age assigned to the human remains from associated charcoal dates. The 

collagen sample chemistry and the consistency of the ages from the triple burial 

and with the charcoal dates carried out in the 1980s lend confidence to the 

reliability of the results. This study further confirms the suitability of NIR 

spectroscopy as a collagen pre-screening method for radiocarbon dating 

archaeological bone (Sponheimer et al., 2019). The method is completely non-

destructive which makes it ideal for prescreening precious archaeological bone 

prior to pretreatment to determine if collagen preservation is sufficient. 

Radiocarbon datasets such as reported here are crucial for refining our 

understanding of the chronology of Gravettian cultural evolution. 
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SOM Figure S1. Fourier transform infra-red (FTIR) spectra of the collagen extracts from the seven human bones 

from Pavlov I and Dolní Věstonice II. The bottom-most library spectra of well-preserved collagen is included for 

comparison.  
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SOM Table S1. New accelerator mass spectrometer (AMS) determinations from bone collagen from the Pavlov I 

and Dolní Věstonice II human remains showing the dating method used (CO2 gas ion source or graphite target) and 

amount of carbon (µg C) measured by the elemental analyser (EA) following combustion of the sample. Based on 

series of measurements of various standards, the precision of AMS δ13C is ca. 1 ‰ for graphite samples (Bard, et al., 

2015) and ca. 2 ‰ for CO2 gas samples (Tuna, et al., 2018). The δ13C for gas samples is usually shifted by -2 ‰ with 

respect to the accurate analyses of graphite samples. Tuna et al. (2018) attributed this shift to isotopic fractionation 

in the elemental analyser + gas interface system for unknown samples, by contrast to the standard measured directly 

on a CO2 bottle of oxalic acid. This small bias in the δ13C calculation for unknown samples has no influence on their 

14C age determination. All dates have been rounded to nearest 10 years.  

Sample ID AMS lab code 
Dating 

method 

EA sample 

size 

(µg C) 

14C age (BP) Error (1σ) 

AMS  

δ13C 

(‰)  

Pavlov 1 

Aix-12026.1.1 CO2 85 26,220 370 -23.5 

Aix-12026.1.3 CO2 97 25,790 250 -23.2 

Aix-12026.2.1 graphite 756 25,390 100 -18.8 

DV13 

Aix-12027.1.1 CO2 80 26,950 390 -21.5 

Aix-12027.1.2 CO2 98 26,990 390 -22.1 

Aix-12027.1.3 CO2 94 27,510 290 -21.9 

Aix-12027.2.1 graphite 740 26,970 120 -18.4 

DV14 

Aix-12028.1.1 CO2 92 26,670 370 -21.0 

Aix-12028.1.2 CO2 91 26,490 360 -20.8 

Aix-12028.1.3 CO2 102 27,190 410 -21.4 

Aix-12028.2.1 graphite 742 26,740 120 -18.6 

DV15 

Aix-12029.1.1 CO2 93 27,310 400 -19.8 

Aix-12029.1.2 CO2 84 26,890 390 -22.4 

Aix-12029.1.3 CO2 93 26,990 380 -20.4 

Aix-12029.2.1 graphite 775 26,630 120 -16.2 

DV16 

Aix-12030.1.1 CO2 85 27,960 430 -21.2 

Aix-12030.1.2 CO2 97 27,380 420 -22.0 

Aix-12030.1.3 CO2 99 26,950 380 -20.3 

Aix-12030.2.1 graphite 792 27,160 120 -18.1 

DV42 
Aix-12031.1.1 CO2 87 27,040 380 -21.4 

Aix-12031.2.1 graphite 789 26,860 120 -21.8 

DV43 
Aix-12032.1.1 CO2 88 26,570 360 -21.0 

Aix-12032.2.1 graphite 769 27,110 120 -18.7 
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Abstract 

The stratigraphy at Bacho Kiro Cave, Bulgaria, spans the Middle to Upper Palaeolithic transition, including 

an Initial Upper Palaeolithic (IUP) assemblage argued to represent the earliest arrival of Upper Palaeolithic 

Homo sapiens in Europe. We applied the latest techniques in 14C dating to an extensive dataset of newly 

excavated animal and human bones to produce a robust, high precision radiocarbon chronology for the 

site. At the base of the stratigraphy, the Middle Palaeolithic (MP) occupation dates to >51,000 BP. A 

chronological gap of over 3000 years separates the MP occupation from the occupation of the cave by 

Homo sapiens, which extends to 35,000 cal BP. The extensive IUP assemblage, now securely associated 

with Homo sapiens fossils at this site, dates to 46,930-43,830 cal BP (95% probability), coinciding with 

global climatic changes spanning Greenland Interstadial 12. The results provide crucial chronological 

context for the early occupation of Europe by Upper Palaeolithic Homo sapiens.   
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Introduction 

Bacho Kiro Cave in north-central Bulgaria (Fig. 1a) has an archaeological sequence spanning the late 

Middle Palaeolithic (MP) through the early Upper Palaeolithic. First excavated in 19381 and again in 1971-

19752, the cave is particularly notable for its distinctive lithic assemblages from Layers 11 and 11a2 

consisting of elongated Levallois-like blades, retouched points, end-scrapers and splintered pieces, along 

with pendants made of animal bone and teeth2-4. A radiocarbon date of >43,000 14C BP (GrN-7545) (Table 

1) on charcoal from Layer 11 made it perhaps one of the earliest Upper Palaeolithic (UP) assemblages in 

Europe2. The Bachokirian, as it became known, is now recognised as part of the Initial Upper Palaeolithic 

(IUP)3,5 and is argued to represent one of the earliest occurrences of Upper Palaeolithic Homo sapiens in 

Europe4,6. 

 

Figure 1. Bacho Kiro Cave: a) location of the cave in Bulgaria, Balkan Peninsula, south-eastern Europe (base map from 
naturalearthdata.com); b) site plan showing the location of excavations carried out in 1971-1975 (centre, light orange) and the 
new excavations, in the Main Sector (top) and in the Niche 1 (left). The locations of the profiles shown in c-d are marked by red 
lines; c) stratigraphic sequence in the Main Sector, along squares G6 and G5 in 2015. Note the presence of Layer J overlying the 
bedrock at the bottom of the sequence; d) Extract from a 3D model of Niche 1, showing the stratigraphic sequence. Layer 
attributions from this sector have an ‘N1-‘ prefix. Note the distinctive dark colour of Layer N1-I. 
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In 2015, the National Archaeological Institute with Museum (NAIM-BAS, Sofia) and the Department of 

Human Evolution at Max Planck Institute for Evolutionary Anthropology (MPI-EVA, Leipzig) re-opened the 

cave with the primary goals of re-sampling the lithic assemblages of the site and re-dating the IUP Layers 

11 and 11a7. Two excavation areas adjacent to the area of the 1970s excavations were established (Fig. 

1b) and excavated to bedrock. The Main Sector (see Fig. 1b) encompasses the entire sequence as 

previously described2. The other, Niche 1, is a small and low ceilinged lateral chamber located to the east, 

preserving only the lower portion of the sequence, including the IUP and underlying Middle Palaeolithic. 

Layer designations were kept separate between these two areas, with the layers from Niche 1 having an 

“N1-” prefix. The two areas are approximately 4 m apart (see Fig. 1b; Supplementary Fig. 1). Previous 

excavations removed the deposits connecting these two areas, but field observations of sedimentary 

characteristics, morphology and archaeological content allow some layers to be correlated (see Fig. 2; 

Supplementary Text 1). Here we use the new stratigraphic nomenclature (Fig. 2) wherein Layer 112 

corresponds to Layer I in the Main Sector and Layer N1-I in the Niche 1 and Layer 11a2 to Layers J and N1-

J.  

The new excavations confirm the previously reported stratigraphy and archaeological sequence2 (Fig. 2). 

In the Main Sector (Fig. 1c), the stratigraphy begins with the upper part of Layer J, which overlies bedrock 

and continues through to Layer A0 at the current surface of the cave deposit. The Niche 1 stratigraphy 

(Fig. 1d) starts with Layer N1-K deposited directly on the bedrock, continuing through Layer N1-J and the 

stratigraphically distinctive Layer N1-I, into deposits ending with Layer N1-3a. Based on archaeological 

and geological observations, Layers N1-J, N1-I and N1-G in the Niche 1 clearly correspond, respectively, to 

Layers J, I, and G in the Main sector. The labelling of layers in the upper part of the Niche 1 stratigraphy 

with numbers (N1-3a-e) reflects the lack of correlation of these layers to lettered layers (A-J) in the Main 

Sector, although the erosive lower contact of Layers C and N1-3b can be used as a stratigraphic marker in 

these two areas.  

The overall sequence is characterized by an exceptionally high artefact density in Layers I and N1-I (15 

finds >2 cm per litre of sediment) and low densities in other layers. During the new excavations, we 

recovered approximately 14,000 bones and about 2,000 lithics (>2 cm), with over 70% of these coming 

from Layers I and N1-I. These quantities allow the lithic and bone industry to be correlated with previously 

excavated material and characterised as IUP2,3 (Supplementary Table 1). In both the old and new lithic 

collections, the material from Layers J and N1-J is technologically consistent with the Layer I/N1-I 

assemblage, but the lower number of finds from this layer (0.6 finds per litre of sediment) adds some 

uncertainty to this characterization. However, the lower part of Layer N1-J contains some artefacts that 

are consistent with the Middle Palaeolithic assemblage of the underlying Layer N1-K (Levallois flakes from 

coarse-grained syenite porphyry). Therefore, we can place the change from Middle Palaeolithic into IUP 

most parsimoniously into the lower part of Layer N1-J. In addition to changes in typology and technology 

from flakes to blades, this transition is marked by a shift in raw material use, from coarser syenite porphyry 

to fine-grained flint2. Layers H—D and N1-H—N1-3a contain no lithic artefacts and a very low density of 

animal bones. Layers C, B, A2 and A1 in the upper part of the stratigraphy contain characteristic Upper 

Palaeolithic artefacts, including retouched blades, backed bladelets, carinated end-scrapers, burins, bone 
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tools and pendants. However, their lithic assemblages are poor in diagnostic technological attributes to 

any particular Upper Palaeolithic industry (Supplementary Table 1). 

In the 1980s and 1990s, radiocarbon dating was attempted on material from the 1970s excavation2,8. 

Although several of the samples produced dates of great antiquity, the sequence of dates was inconsistent 

with the stratigraphy (Table 1). In particular, a wide range (>43,000 – 34,800 ± 1,150 14C BP) was obtained 

from Layer 11 and a much younger date (33,750 ± 850 14C BP) from the underlying Layer 11a. This finding 

suggested that either the site was affected by post-depositional mixing between layers, or storage and 

sampling of the material was problematic, and/or that modern carbon contamination had been 

insufficiently removed from some of the 14C samples prior to dating, leading to an under-estimation of 

their true ages8. Since then the establishment of more stringent methods of sample pretreatment, 

including acid-base-wet oxidation (ABOX) pretreatment for charcoal samples9,10, and ultrafiltration of 

bone collagen11-13, have greatly improved the reliability of radiocarbon dates on Palaeolithic samples14.  

 
 Table 1. Previously published radiocarbon dates on material excavated from Bacho Kiro Cave from 1971-1975. 

Layer Sample type AMS lab number 14C age 1σ error (years) Reference 

7 Charcoal OxA-3181 32,200 780 8 

6a/7  Bone Ly1102 29,150 950 2,15 

6b Charcoal OxA-3182 33,300 820 8  

6b Bone (no. 972) GrN-7569 32,700 300 2 

11 Charcoal from hearth GrN-7545 >43,000 
 

2 

11 Bone OxA-3213 38,500 1,700 8 

11 Charcoal OxA-3183 37,650 1,450 8 

11 Tooth OxA-3212 34,800 1,150 8 

11a Bone OxA-3184 33,750 850 8 

13 Bone (nos. 933 and 936) GrN-7570 >47,000 
 

2 

 

During recent ZooMS (Zooarchaeology by Mass Spectrometry)16 screening of undiagnostic bone 

fragments from Bacho Kiro Cave, 4 fragmentary bones from Layer N1-I, 1 from Layer B and 1 from the 

1970s collection (Layer B/C) were identified as hominin4. DNA analysis confirmed their attribution to 

Homo sapiens4. Given the presence of a unique assemblage of human bone fragments and IUP artefacts, 

we sought to establish the range of the IUP at Bacho Kiro Cave and resolve the previous age anomalies by 

conducting a large-scale dating program. In this paper, we present an extensive dataset of high-precision 

accelerator mass spectrometer (AMS) radiocarbon dates, which includes direct dating of the newly 

discovered hominin remains4. We also used the Aix-MICADAS gas ion source17-19 to date minute aliquots 

of bone collagen from the two hominin bones from Layer B to cross-check the ages obtained from more 

commonly used AMS graphite targets.   
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Figure 2. Bacho Kiro Cave: Drawings of composite longitudinal stratigraphic profiles of the Main Sector (top) and the Niche 1 

(bottom). Layer attributions in the Niche 1 have an ‘N1-‘ prefix. Numbers in parentheses show the layer attributions from the 

1970s excavations. Original drawings by I. Krumov and N. Zahariev. 
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Materials and Methods 

 

Sample selection for radiocarbon dating 

Bones were selected for radiocarbon dating from finds excavated during the 2015-2017 field seasons 

spanning the stratigraphy in both the Main Sector (Supplementary Figs. 2-3) and the Niche 1 

(Supplementary Figs. 4-5). In total, 141 animal bones and 6 hominin bones were selected for collagen 

extraction. Where possible, animal bones that had signs of anthropogenic modification (cut-marks, impact 

fractures) on their surfaces were selected (53% of the sample set) (Fig. 3). A particular focus was given to 

sampling the IUP in Layer N1-I, where the layer was extensively exposed. Due to the exceptionally high 

density of bone in this layer (Supplementary Fig. 5), we were able to select a high number of bones (77%) 

with anthropogenic modifications. A small number of samples were also taken from Layer I in the Main 

Sector to confirm the stratigraphic link between the two areas through radiocarbon dating. During 

excavation of the contact zone between Layers I and J in the Main Sector, precise attribution of the finds 

to either Layer I or J was sometimes impossible to make, due to the sediment moistness and the presence 

of large limestone rubble. These finds are labelled as “I/J” to indicate that they come from the contact 

zone between these two layers.  
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Figure 3. A selection of bone specimens from Bacho Kiro Cave with human bone surface modification that were radiocarbon 
dated in this study: a) Equidae bone (R-EVA 2298/CC7-2607) from the lower part of Layer N1-J with cut-marks (ETH-86787: 44,890 
± 450 14C BP); b) Ursidae bone (R-EVA 2290/BB8-207) from Layer N1-I with a large impact fracture scar, scrape marks and marks 
consistent with use as a retoucher (ETH-86783: 40,340 ± 280 14C BP); c) Bos/Bison rib (R-EVA 2352/F5-182) from the contact zone 
between Layers I and J in the Main sector with parallel cut-marks (ETH-86813: 40,160 ± 270 14C BP); d) Bos/Bison long bone (R-
EVA 2333/F5-107) excavated from Layer I used as a retoucher (ETH-86808: 41,350 ± 310 14C BP); e) Bos/Bison long bone (R-EVA 
2311/CC7-2750) from layer N1-K with cut-marks (ETH-86793: >51,000 14C BP). Scale bar is 5 cm. 
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Bone pretreatment 

The bones were pre-treated in the Department of Human Evolution at the MPI-EVA, following the collagen 

extraction plus ultrafiltration protocol described in Fewlass et al19 (see Supplementary Text 2 for further 

details). To preserve as much material as possible for aDNA and palaeoproteomic analysis, small aliquots 

of the hominin bones were sampled (80-110 mg) for direct 14C dating. The quality of all the collagen 

extracts was assessed based on collagen yield, elemental (C%, N%, C:N) and stable isotopic values (δ13C, 

δ15N)20. All collagen extracts were analysed with Fourier transformed infra-red (FTIR) spectroscopy prior 

to dating to look for evidence of incomplete demineralisation, degraded collagen or the presence of any 

exogenous material in the extracts21-23. 

AMS measurement 

Collagen extracts from 6 human bones and 89 animal bones were selected for radiocarbon dating based 

on stratigraphic position, signs of human modification and the level of collagen preservation. Collagen 

extracts were graphitised using the AGE III24 and dated using the latest model of the MICADAS25 in the 

Laboratory of Ion Beam Physics at ETH Zurich, Switzerland (lab code: ETH). Oxalic Acid II standards and 

collagen backgrounds extracted alongside the samples were measured in the same magazine and used in 

the age calculation. Data reduction was performed using BATS software26. An additional 1‰ was added 

to the error calculation of the samples, as per standard practice.  

Several collagen samples were split and dated in a second AMS lab to cross check the measurements. 

Eleven collagen samples plus collagen extraction backgrounds were weighed into cleaned tin cups and 

sent to the Klaus-Tschira-AMS facility in Mannheim, Germany (lab code: MAMS), where they were 

catalytically converted to graphite and dated with the MICADAS-AMS27. Here, data reduction was also 

carried out using BATS software26, and errors were calculated from the blanks and standards measured in 

the same magazine. An additional 1‰ was included in the final error calculation, as per the standard 

practice at MAMS. In addition to graphitisation, small aliquots of collagen (<100 µg C) from hominin bones 

F6-597 and BK-1653 were measured using the gas ion source of the Aix-MICADAS17-19.    

Data Analysis and modelling 

Bayesian chronological analysis and calibration was performed against the IntCal13 dataset28 using OxCal 

4.329. The dates were ordered by 14C age, as the variable thickness of the deposits meant ordering by 

absolute depth was not appropriate. The R_Combine function in OxCal 4.329 was used to combine multiple 

dates from these same collagen extracts. As part of this function, a chi-squared (χ2) test is performed to 

see if the dates are in statistical agreement30.  

ZooMS collagen fingerprinting 

All bone specimens (n=147) in the radiocarbon study were also analyzed using MALDI-TOF-MS collagen 

peptide mass fingerprinting16,31 in order to provide accurate species identifications for each specimen (see 

Supplementary Text 3 for details).  
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Results 

We successfully extracted collagen from 139 of the 147 pretreated bones. Supplementary Table 2 includes 

information on all samples in the study. The average % collagen yield across all layers was 8.3% with 

several bones in the lowest layers yielding up to 15% collagen (Supplementary Fig. 6), which is much 

greater than the minimum level of 1% collagen preservation generally accepted for radiocarbon dating20 

and exceptional for a site of this age range. Isotopic and elemental analysis showed that all collagen 

extracts are within the range of well-preserved collagen, suitable for 14C dating20. Although the C:N values 

of all extracts (range: 3.0 – 3.4) were within the range of well-preserved collagen, 4 extracts had C% and 

N% values slightly above the normal range (marked in red in Supplementary Table 2), potentially indicating 

the presence of exogenous material. Only one of these was selected for dating and the age was identical 

to other bones in close proximity with acceptable C% and N% values. The FTIR spectra of all extracts were 

characteristic of pure collagen, with no evidence of exogenous material.  

It has previously been suggested that the level of deamidation measured in ZooMS analysis could be an 

efficient pre-screening tool to identify bones with well-preserved collagen for 14C dating32. The large 

dataset in this study allowed us to robustly compare deamidation rates of two collagen peptides (P1106 

and P1705) with collagen yields following extraction for 14C dating. No correlation was observed between 

deamidation rates of peptides P1106 and P1705 and collagen yields, indicating that deamidation rates 

would be an unsuitable method of pre-screening for 14C sampling (Supplementary Text 4; Supplementary 

Fig. 7).  

In total, we dated 95 bones, including 6 hominin bones (Supplementary Table 2). 63% of the dates 

obtained from animal bones are from specimens that were anthropogenically modified (Supplementary 

Text 5 for faunal composition of the dataset). Due to the high ion currents, high rate of transmission, and 

the low and stable instrument background (53,000 14C BP) of the latest model of the MICADAS at ETH-

Zurich, we were able to reach exceptional levels of precision. Nine of the bones dated beyond the 

radiocarbon range (>51,000 BP). All of these come from the bottom of the stratigraphic sequence in the 

Niche 1 area, from Layer N1-K, the Layer N1-J/K contact, and the lower part of Layer N1-J. The finite dates 

span 48,750 - 34,190 cal BP (modelled range, 95.4% probability; Supplementary Tables 2-4). 

Eleven of the faunal collagen samples were dated in a second AMS lab (MAMS). The radiocarbon dates 

from the two labs are in statistical agreement for 8 of the 11 samples (from Layers C, E, F and N1-I). 

However, combining dates from the two labs failed for 3 samples (R-EVA 1735, R-EVA 1737 and R-EVA 

1739) from layer N1-I, all dating to >40,000 BP. The reasons for this are not understood, and so the dates 

were excluded from further analysis.  

Figure 4 shows a comparison of the dates from graphite targets (ca. 2.5 mg collagen) and the gas ion 

source (<0.3 mg collagen) of the MICADAS system obtained for hominin bones F6-597 and BK-1653. The 

level of precision achieved was excellent for both methods, despite a ten-fold reduction in sample size 

using the gas ion source, and the dates from the different methods are in statistical agreement 

(Supplementary Table 5).  
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Figure 4. Radiocarbon dates of collagen extracted from two hominin bones identified through ZooMS screening: a) F6-597 comes 
from the new excavations and b) BK-1653 comes from the 1970s collection that is stored in the National Museum of Natural 
History in Sofia. The purple range shows the weighted mean age and error of all the dates measured from graphite targets and 
directly from CO2 gas, calculated using the R_Combine function in OxCal 4.329.  

 

Some of the dates were excluded from the Bayesian chronological analysis: 9 dating beyond 51,000 BP; 4 

from the upper N1-3 layers; 10 from the Layer I/J contact zone; 3 from Layer N1-I which failed the χ2 test; 

and 1 (ETH-71326) which was identified post-excavation as originating from next to the 1970s backfill (see 

Supplementary Table 2). Outlier analysis was performed for the rest of the dataset (n=68) so that outliers 

could be manually eliminated33. Each layer was assigned a phase, and we used a general outlier model 

with prior probabilities set to 0.0533 to consider the dates under three scenarios. Dates from the Main 

Sector (model 1) and Niche 1 (model 2) were first considered separately. As Layers I and J have been 

archaeologically and geologically correlated between the two areas, the dates were then combined in a 

third model (model 3). The likelihood of individual dates being outliers was considered based on their 

depositional histories, outlier posterior probabilities and agreement index (<60% indicates the date could 

be incompatible with the model) in the three models (Supplementary Table 3). In most cases, the 

agreement index and outlier analysis identified the same samples as problematic. Based on this 

information, 14 of 68 dates (shown in red in Supplementary Table 3 and discussed in Supplementary Text 

6) were excluded from the models, which were then run again without outlier analysis33 (Supplementary 

Table 4). 

The agreement index was 83.7 for model 1 (Main Sector dates), 78.9 for model 2 (Niche 1 dates) and 33.2 

for model 3 (combined areas) (Supplementary Table 4). The high agreement index for the two separate 

areas indicates that the dates included are in keeping with their stratigraphic positions. The lower 
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agreement index of the model combining dates from the two areas can be explained by the different 

depositional history of Layer J in the two areas and the much larger number of dates from Layer I in the 

Niche 1 (n=21) compared to the Main Sector (n=4). Although the agreement index is lower, the boundaries 

given in model 3 (combined model) consider the full range of dates in the two areas and are therefore 

considered the most accurate representation of the site’s chronology. The combined model gives a 

posterior density estimate of 45,370 – 43,830 cal BP (95.4% probability) for the range of the IUP in Layer 

I. As the model constrains the age range of the layers based on the prior information, the un-modelled 

ranges of the peripheral dates from the hominin bones CC7-335 (46,790 - 44,830 cal BP at 95.4% 

probability) and AA7-738 (44,210 – 42,810 cal BP at 95.4% probability) extend beyond the modelled 

posterior boundaries of Layer I. The Bayesian model combining dates from across the site is shown in 

Figure 5 (see Supplementary Text 7 for OxCal code). 
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Figure 5. Bayesian chronological model (model 3; 
Supplementary Table 4) for Bacho Kiro Cave on material 
excavated during the 2015-2017 field seasons from the 
Main Sector and Niche 1 compared to the North Greenland 
Ice Core Project (NGRIP) Greenland Ice Core Chronology 
2005 (GICC05) δ18O palaeo-environmental record34 with 
Greenland Interstadials (GI) 12 and 8 and Heinrich Events 
(H) 6, 5 and 4 indicated. The lab numbers are shown on the 
left side along with the measured 14C age (BP) and 
associated 1σ error (years). Where more than one 
measurement was made from the same collagen extract, 
dates were combined (R_Combine) in OxCal 4.3. The dates 
were calibrated against the IntCal13 dataset28, and the 
modelling was performed in OxCal 4.329. The distributions 
of dates from the Niche 1 are shown in green and from the 
Main Sector in black. The dates from the hominin bones 
from Layer N1-I and Layer B are shown in purple. The 
radiocarbon likelihoods of calibrated dates (without 
modelling) are shown in the lighter shade and the posterior 
distributions (after modelling) are darkly shaded. Brackets 
show the 68.2% and 95.4% probability ranges of the 
calibrated dates. Dates marked with an asterisk (*) are 
from bones bearing signs of anthropogenic modification. 
Note that 2 dates from the bottom of Layer N1-J date to 
>51,000 BP (beyond model range). Further information is 
included in Supplementary Tables 2-4. 
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Discussion 

Over the past two decades, the addition of an ultrafiltration step following collagen extraction has shown 

to be important for removing carbon contamination from Palaeolithic bones14. The new Bacho Kiro Cave 

results indicate that several of the 1980s and 1990s dates (Table 1) were affected by carbon 

contamination, making them appear younger than their actual ages. Our dates resolve the issues of the 

wide age range previously obtained for Layer I and the young age estimation obtained in Layer J (Table 1).  

At the base of the sequence, resting on bedrock, Layer N1-K contains a small (n=82) Middle Palaeolithic 

assemblage. All 5 dates from this layer are from Cervid/Saiga or Bos/Bison (including one with cut-marks) 

and are older than 51,000 BP. Overlying Layer N1-K, there are three age clusters represented in Layer N1-

J, which accumulated relatively slowly (Supplementary Fig. 5). First, an anthropogenically modified 

Ursidae bone (ETH-86788) and a Cervid/Saiga bone (ETH-93195) from the very bottom of Layer N1-J are 

also older than 51,000 BP. Second, a minimum of 5,000 14C years separates these 2 dates from the next 

occupation represented by a cut-marked horse bone (ETH-86787), also excavated from the lower part of 

Layer N1-J, indicating that hominins were present sometime between 48,730 – 46,670 cal BP (modelled 

age, 94.5% probability), which coincides with the cold period of Heinrich event 5 (Fig. 5). A small number 

of lithics were recovered from the lower part of Layer N1-J. Some (n=6) are consistent with the overlying 

IUP and some (n=8) are consistent with the underlying Middle Palaeolithic, which is in agreement with 

the findings of the 1970s excavations2. From a radiocarbon perspective, it is impossible to know whether 

the lower part of Layer N1-J relates more to the overlying IUP or more to the underlying Middle 

Palaeolithic. However, the high resolution of the radiocarbon data presented here suggests temporally 

distinct occupations in this lower part, which makes an in-situ transition between Middle Palaeolithic and 

IUP less likely. The last occupation phase —in the upper part of Layer N1-J — spans from 46,930 – 44,990 

cal BP (modelled range, 95.4% probability) and is associated with a low density of IUP artefacts which 

share the techno-typological characteristics of those in the overlying Layer N1-I. The appearance of the 

IUP in Layer N1-J coincides with the onset of climatic warming in the Northern Hemisphere marked by the 

beginning of Greenland Interstadial 12 (GI12) at 46,950 ± 1000 BP in the GICC05 NGRIP ice core34 (Fig. 5) 

and beginning at ~47,600 BP in the Hulu Cave speleothem δ18O records in China35. In closer proximity to 

Bacho Kiro Cave, the mild climatic conditions of GI12 are reproduced in a speleothem δ13C record from 

Ascunsa Cave (AC) in the South Carpathians in East-Central Europe (~400 km NW of Bacho Kiro Cave) and 

various palaeoclimatic records from the Black Sea36,37 and northern Greece38. The age ranges from the 

upper part of Layer N1-J and from Layer N1-I, together with high artefact densities, imply relatively 

continuous human use of the cave during this interval. The dates from Layer J in the Main Sector are at 

the younger end of the Layer N1-J range, which supports the geoarchaeological interpretation that only 

the upper part of this layer is preserved in the Main Sector (where it overlies bedrock and abuts against it 

towards the south; Supplementary Text 1).  

The evidence for the age range of Layer I/N1-I is extremely robust. Twenty-five dates on hominin remains 

and anthropogenically modified bones set the modelled age range for the IUP from these correlated layers 

from 45,370 to 43,830 cal BP (95.4% probability). The radiocarbon dates from the 4 hominin bones span 

the full range of dates coming from anthropogenically modified bones. We chose to focus more on the 

dating of Layer N1-I in the Niche 1 where this layer is more extensively exposed and more clearly 
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delineated in the stratigraphic sequence. Nevertheless, the 4 dates from Layer I in the Main Sector fall 

entirely within the range of Layer N1-I, supporting the archaeological and geological link made between 

these two areas. The dates from the contact zone I/J in the Main Sector fall within the range of Layer I and 

the upper part of Layer J.  

Site formation processes and the low number of artefacts in the layers above Layer I make it difficult to 

determine when the IUP ended at Bacho Kiro Cave. Layers N1-H, N1-G and G are thick water laid deposits 

with a low density of artefacts at the base (Layers N1-H and G). These were likely re-deposited from Layer 

N1-I/I by a stream originating from the cave’s inner karst system. These layers essentially seal the 

underlying Layers N1-K, N1-J/J and N1-I/I4. Layers F and E are thick with very low densities of bones and 

no lithic artefacts. The tight age range from these layers overlap with the youngest age range of Layer I 

and suggest a rapid rate of sedimentation for Layers G through E. Although no lithics were excavated from 

Layers F-D during the new excavations, the low density of artefacts recovered during the 1970s excavation 

indicate that the IUP characteristics continue from Layer J to Layer D4 (Supplementary Table 1). In the new 

collection, a relative increase in artefact density occurs in Layer C (42,100 – 36,340 cal BP), Layer B (39,000 

– 34,970 cal BP) and Layer A2 (35,440 – 34,190 cal BP). The lithic artefacts within these layers are not 

characteristic of the IUP but rather of various phases of the subsequent Upper Palaeolithic (specifically 

bladelet production, platforms consistent with the appearance of soft hammer percussion in Layer C, and 

backed bladelets similar to Gravettian types in Layer A1; Supplementary Table 1). In the Main Sector, the 

Upper Palaeolithic occupation extends to 34,190 cal BP (modelled range) in Layer A2. In Layer A1, the date 

of 27,610 – 27,250 cal BP (95%) on a cut-marked Bos/Bison bone is consistent with the Gravettian backed 

bladelets and can be considered the youngest preserved layer. The Dansgaard-Oeschger climatic cycles in 

the Northern Hemisphere between the end of GI12 and the end of GI8 (~44,000-36,000 BP; Fig. 5) may 

be a cause of the demographic turnover seen in archaeological and genetic studies during this interval in 

Europe39,40, which is indicated at Bacho Kiro Cave by the change in technology seen between the IUP in 

Layers J and I and the UP forms in Layers C and above. 

The Niche 1 has a shorter Upper Palaeolithic sequence than the Main Sector and the same differences in 

artefact densities. Nevertheless, we attempted to date the layers above Layer N1-I in part to help correlate 

its stratigraphy to that of the Main Sector. Unlike the rest of the deposits in this area, collagen preservation 

was very poor in these layers, and only 4 of the 11 bones had sufficient collagen yields. At least 1 of the 

resulting dates (R-EVA 2271 or R-EVA 2273) is inconsistent with its stratigraphic position (Supplementary 

Table 2), and it was not possible to make any connections between the upper layers of the Niche 1 and 

the Main Sector based on the radiocarbon evidence.  

The dates from the hominin bone F6-597 (35,960 – 35,150 cal BP, 95.4% probability) from Layer B agree 

with the range of dates from the fauna in this layer. The hominin bone BK-1653 identified using ZooMS 

from the 1970s collection was labelled Layer “6a/7”, which corresponds to the contact of Layers B and C 

in the new excavation. This bone was excluded from the Bayesian modelling because of uncertainties of 

its exact stratigraphic context, but its age (34,810 – 34,210 cal BP, 95.4% probability) fits with the dates 

on fauna from Layer A2. Both hominin bones from the Upper Palaeolithic levels of the site (BK-1653 and 

F6-597) were dated using the gas ion source and graphite methods to cross check the obtained ages (Fig. 

5). The high level of agreement between the two methods measured in two different laboratories (ETH 
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and Aix) serves as further evidence of the suitability of the gas ion source of the MICADAS for dating 

precious and/or small archaeological samples at good levels of precision18,19.  

 

Conclusion 

The chronology presented here for Bacho Kiro Cave constitutes an extensive set of high-quality collagen 

samples radiocarbon dated at exceptional precision. To the best of our knowledge, this study represents 

one of the largest 14C datasets from a single Palaeolithic site processed by one team. This large effort was 

made to resolve the questions left open by the previous dates from this eponym site. The integrity of the 

stratigraphic sequence is clearly indicated by the dates. The extensive dataset allows us to securely place 

the IUP from correlated Layers I and N1-I in the interval from 45,370 to 43,830 cal BP (95.4% probability). 

The start date for the IUP at Bacho Kiro Cave falls during the accumulation of Layer N1-J, likely from 46,930 

cal BP (95.4% probability) at the onset of GI12, but perhaps earlier (Fig. 5).  

As the precision of AMS measurements increases, the chronological resolution we can achieve is 

ultimately limited by the imprecision of the calibration curve in this time range. The output of the Bayesian 

modelling presented here may well change as the resolution of the calibration curve improves35,41,42. On-

going work in this area is crucial for enhancing our understanding of the timing of major events in hominin 

adaptations and demographic processes during this time period.    

 

Data Availability  

All data is available in the manuscript and supplementary materials. 

Code Availability  

OxCal script is included in the supplementary information.    
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Supplementary Text 
 

1. Stratigraphy and site formation 

Bacho Kiro Cave is formed on Cretaceous sandy limestones and sandstones and is a deep and labyrinthine 

karst system extending for more than 3 km1, with evidence of human occupation near the cave’s entrance. 

The current entrance is ~4 m wide and connects in the SW to the inner karst system. The bottom 

Pleistocene deposits (Layer K, J, and I) consist of sand, silt and clay originating from siliciclastic 

accumulations present inside the karst system and interstratified with common angular limestone debris 

(gravel-size and larger) resulting from local spalling of the cave’s roof and walls. The cave’s floor 

morphology dips towards the cave’s entrance, and hence these lower Pleistocene layers are thicker near 

the entrance and eventually pinch out towards its interior. Therefore, as one approaches the south part 

of the cave in the Main Sector, Layer K is absent and Layers J and I eventually disappear, with only the 

upper (more recent) part of Layer J being present along grid rows F-G and eventually also abutting against 

bedrock (Fig. 1c).  Layers K, J and I are, thus, better represented in the Niche 1 area (Fig. 1d). Here, Layer 

N1-K rests directly on bedrock and is loamy sands showing some lateral variability in terms of the 

frequency of limestone clasts (normally in the 3-8 cm range and rarer large clasts up to 15 cm at the top 

of the layer N1-K), and varies from reddish brown in the SE to lighter brown towards the NW. It contains 

rare domains (diameter of max 10 cm) of darker sediments with small (<1 cm width) charcoal fragments. 

These seem to be remnants of poorly preserved combustion features. Towards its top, there is a marked 

increase in weathered limestones, which may point to some weathering of the surface of N1-K deposits. 

Layer N1-J is a greenish brown loamy clay, ~20 cm thick and pinching out against the bedrock towards the 

south. It has frequent limestone clasts, typically around 5 cm in diameter, but also a few larger angular 

limestone clasts up to 20 cm wide, attesting to local contribution of roof fall, with a relative increase of 

small limestone clasts and granules towards its top. The contact with the above Layer N1-I is sharp and 

clear in Niche 1 where Layer N1-I is a particularly distinctive dark brown sticky loamy clay that thins out 

towards the cave walls (5-8 cm thick in the eastern profile of Niche 1). In the Main Sector, Layer I is thinner 

and consists of dark brown sandy clays with common limestone rubbles (typically in the 4-10 cm range 

and occasional dm-sized blocks). In both the field and in thin section, there are abundant charcoals and 

bones (some burned), including evidence of trampling (in-situ broken bones). These characteristics point 

to a relative depositional stasis with an increase of anthropogenic inputs, including abundant 

accumulation of combustion and occupational debris. The frequency of archaeological material and the 

reduced thickness of this layer show that human occupants were basically living on top of debris from 

previous occupations, pointing to a slower sedimentation rate. Despite some lateral variability and the 

fact that we are at the spatial limit of the extension of Layer I in the Main Sector, combined stratigraphic, 

sedimentary and archaeological content make the correlation between Layers N1-I and I clear. 

Layers I/N1-I have a sharp, erosive contact with the overlying Layers G and N1-H/G. In the Main Sector 

this contact is associated with dm-sized limestone blocks. Layers G and N1-H/G are well-laminated silts 

and sands that mark a shift in the sedimentation mechanisms at the site, with rapid accumulation from 

runoff by a low-energy stream originating from inside the karst system. Layer N1-H should be seen as a 
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subdivision of Layer N1-G present only in the Niche 1 sequence. Under thin section, the alternating and 

bedded nature of silts and fine sands are evident, including clay-rich lenses, small (few µm in size) rounded 

carnivore coprolites and clay papules. The very rare archaeological artefacts (bone fragments) are in the 

lowermost contact and are reworked, ripped up material from the surface of Layer I.  

Layers F, E and D in the Main Sector and Layers N1-3e, N1-3d and N1-3c in the Niche 1 are sub-horizontal 

deposits composed of fine silts and clays with some sand, varying from increased clay content (grey lenses) 

to silty sands (orange lenses) with rare stones in the Niche 1 and few limestones clasts (typically 7-10 cm) 

in the Main Sector. Sedimentary sources relate mainly to reworking of fine siliciclastic deposits from inside 

the cave system and point to relatively rapid deposition rates. The top of these deposits is truncated and 

associated with partial erosion towards the south (in Niche 1) and southeast (in the Main Sector), 

indicating the presence of a sedimentary outlet and the continuation of the cave’s chamber (albeit 

probably small-sized opening) into the south-southeast. Layers N1-3b and C are thus stratigraphic markers 

in both excavation areas, showing a change in sedimentary dynamics with preferential accumulation of 

coarser rubble from local spalling of the cave roof and walls. The above Layers B and A are preserved in 

the Main Sector and relate to formation processes like those described for Layers F-D. These are fine 

sediments, with few stones and varying from darker brown lenses intercalated with orange brown silty 

clays. As with Layers F-D, stratigraphic contacts are often diffuse and show an undulating morphology 

pointing to plastic alteration of the deposits occurring post-depositionally. Such folding is particularly 

visible in the convoluted morphology of the rare, discrete charcoal-rich combustion features present in 

Layers B and A (see Fig. 1c). The uppermost section of Layer A (A0) corresponds to the current surface of 

the cave floor cut by previous excavations and incorporating recent materials.  

 

2. Collagen extraction and quality control methods 

Bone collagen was extracted in the Department of Human Evolution at the MPI-EVA, Leipzig, following 

the protocol described in Fewlass et al2. Briefly, the outer surface of the bone was removed with a sand 

blaster and samples were removed with a Dremel drill. Bones were demineralised in HCl 0.5M until soft 

and CO2 effervescence had stopped. Samples were treated with NaOH 0.1M to remove humic acid 

contamination and re-acidified in HCl 0.5M. The samples were gelatinised in weakly acidic water (HCl pH3) 

based on the method described by Longin3. Soluble collagen samples were passed through a pre-cleaned 

Ezee filter (Elkay labs, UK) and pre-cleaned ultrafilter (Sartorius Vivaspin Turbo 15) to concentrate the 

large molecular weight fraction (>30 kD) for AMS dating4-6. Background-level bones (older than 50,000 BP) 

kindly supplied by D. Döppes (Mannheim, Germany) were extracted alongside the samples in order to 

assess contamination introduced in the laboratory.  

Approximately 0.5 mg collagen from each extract was weighed into a tin cup and measured on a 

ThermoFinnigan Flash elemental analyser (EA) coupled to a Thermo Delta plus XP isotope ratio mass 

spectrometer (IRMS) to determine their stable isotopic (δ13C and δ15N) and elemental values (C%, N%, 

C:N). Stable carbon isotope ratios were expressed relative to VPDB (Vienna PeeDee Belemnite) and stable 

nitrogen isotope ratios were measured relative to AIR (atmospheric N2) using the delta notation (δ) in 
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parts per thousand (‰). Repeated analysis of internal and international standards indicates an analytical 

error of 0.2‰ (1σ) for δ13C and δ15N.  

A small aliquot of each collagen sample (ca. 300 μg) was homogenized in an agate mortar and pestle, 

then mixed with ∼40 mg of IR grade KBr powder, pressed into a pellet using a manual hydraulic press 

(Wasserman) and analysed with an Agilent Technologies Cary 660 Fourier transform infra-red (FTIR) 

spectrometer (Agilent Technologies, Santa Clara) with a deuterated triglycine sulfate (DTGS) 

detector. Spectra were recorded in transmission mode at 4 cm−1 resolution and averaging of 34 scans 

between 4000 and 400 cm−1 using Resolution Pro software (Agilent Technologies, Santa Clara). The 

obtained spectra were evaluated and compared to library spectra of well-preserved collagen and bone.  

 

3. ZooMS collagen fingerprinting methods 

All 147 bone specimens that were pretreated in the radiocarbon study were also analyzed though MALDI-

TOF-MS collagen peptide mass fingerprinting (ZooMS)7,8. A small bone sample (<20 mg) was taken from 

each bone or dentine specimen independent of the radiocarbon sample. An ammonium-bicarbonate 

buffer extraction was performed, including digestion with trypsin (0.5µg/µL, Promega), pH acidification 

using TFA (10% TFA) and cleaning on C18 ZipTips (Sigma-Aldrich/Thermo Scientific). Digested peptides 

were analysed on a MALDI-TOF-MS using previously published protocols9. MALDI-TOF-MS spectra were 

compared to a reference database containing collagen peptide marker masses of all medium to larger 

sized genera in existence in western Eurasia during the Late Pleistocene9.  

 

4. Comparison of degradation measured through collagen extraction for 

radiocarbon dating and ZooMS analysis 

For each ZooMS spectrum, the extent of deamidation was assessed for two peptides containing a single 

glutamine (peptides P1105 and P1706)10-12. This allows us to assess the existence of any formal 

relationship between the different measures of collagen/proteome degradation used in either 

radiocarbon dating or ZooMS. For radiocarbon dating, we took the frequently reported values of the 

collagen % and C:N ratio as indicators of collagen preservation. For ZooMS, we took the number of 

observed peptide markers and P1105 and P1706 deamidation as indicators of collagen preservation. 

Independently, measures of preservation show tight clustering in areas that, for each measure, are 

indicative of well-preserved proteins (Supplementary Fig. 7). For example, most ZooMS spectra contain 

nine observable peptide markers (out of nine possible). We observe no obvious correlations where higher 

rates of deamidation are linked to samples with more divergent C:N ratios or lower collagen % 

(Supplementary Fig. 7c, d, e, f). The only suggestion of such a correlation might be for the number of 

peptide markers, as ZooMS spectra with less than four observable peptide markers also result in collagen 

percentage below 5% (Supplementary Fig. 7b). In addition, specimens without any peptide markers 

present also have extremely low, or no, collagen percentages after extraction for radiocarbon dating. This 
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does not hold for all specimens, as there are also bone specimens with the majority of peptide markers 

present but that also have low collagen yields (<0.5%). From the Bacho Kiro Cave dataset, we therefore 

conclude that ZooMS spectral quality and/or glutamine deamidation measures in ZooMS spectra is a poor 

predictor for the successful extraction of collagen for radiocarbon dating. 

 

5. Faunal composition of the 14C dataset 

ZooMS analysis shows that the faunal sample set includes a large amount of Ursidae, Bos/Bison, Equidae, 

Cervid/Saiga and Capra sp. and two bones of Rhinoceratidae (Supplementary Table 2), fully in agreement 

with the zooarchaeological interpretation of the whole faunal collection8. Signs of human modification 

are present (63% of the dated bones across all layers) on bones of all represented species, except the 2 

Rhinoceratidae bones. Whereas 16.5% of the faunal collection from Layer N1-I/I shows signs of human 

modification, only 1.8% has traces of carnivore modification (tooth marks, signs of gnawing or digestion), 

indicating that human agency played a large role in the composition of the faunal assemblage in the IUP 

layers in the cave8. Many of the Ursidae remains (Cave bear/Brown bear), both in the overall dataset and 

in the 14C dataset, bear traces of human modification, including perforated teeth and butchery marks 

indicative of skinning. The evidence suggests close interactions between the humans occupying the cave 

and bears, with humans either scavenging dead animals for furs, bone and teeth, or hunting them due to 

competition for food or shelter13,14. Ongoing zooarchaeological analyses will help more clearly define this 

relationship alongside other human subsistence behaviours at Bacho Kiro Cave. 

 

6. Outlier analysis of dates 

Fourteen dates out of the 68 included in the outlier analysis were identified as outliers based on their 

posterior outlier probabilities, agreement index and depositional histories (shown in red in supplementary 

Table 2). The 3 dates from the uppermost Layer A1 are wide-ranging. The layer contains the youngest-

dated bone in the sequence at 23,130 ± 60 14C BP (ETH-86796) which is over 7,000 years younger than any 

other obtained date from the site. No micromorphological factor has so far been identified to be 

responsible for the wide range of dates in this layer. However, since the reason for such a wide range of 

dates is currently unknown all 3 dates were excluded from the modelling.  

One date from Layer B (ETH-71299) was slightly younger than the other dates from the layer and was 

identified as an outlier. This date is statistically identical to the date (ETH-86768) of the hominin bone 

from the 1970s collection which was labelled as layer 6a/7 (B/C). The inclusion of the hominin bone in the 

model may have affected the posterior outlier probability of ETH-71299, but as the exact stratigraphic 

context of this hominin bone is unknown it was not included and we excluded ETH-71299 as an outlier.  

ETH-71303 (41,720 ± 180 14C BP) is much older than the other dates within Layer C, but we have no 

explanation for this outlier. It was excluded from further analysis.  
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ETH-71307 (36,500 ± 110 14C BP) is younger than the other dates in Layer E. As this bone was excavated 

from close to the contact zone of Layers E and D the prior probability was also set to 1.0 in the outlier 

analysis, and it was also excluded from the modelling.  

Micromorphological analysis indicates that Layer G is water deposited sediment and the artefacts within 

it were re-deposited from the underlying Layer I by water moving through the cave. The radiocarbon dates 

support this interpretation so the prior probabilities of these dates were set to 1.0 during outlier analysis, 

and the 5 dates from Layer G and N1-G were excluded from modelling. Two of the youngest dates from 

Layer I (ETH-86779; ETH-86782) were identified as outliers based on their agreement index and posterior 

outlier probabilities. One date from the upper part of Layer J (ETH-93193) was inconsistent with its 

stratigraphic position with a posterior outlier probability of 1.0. These 3 dates were also excluded.  

 

7. OxCal v4.3 code for Bayesian model of Bacho Kiro Cave chronology (Fig.5) 

Plot() 

 { 

  Sequence("Bacho Kiro") 

  { 

   Boundary("Start Layer J"); 

   Phase("Layer J") 

   { 

    R_Date("ETH-93196", 45120, 490) 

    { 

     color="green "; 

    }; 

    R_Date("ETH-86787", 44890, 450) 

    { 

     color="green "; 

    }; 

    R_Date("ETH-86789", 42900, 370) 
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    { 

     color="green "; 

    }; 

    R_Date("ETH-93194", 42670, 370) 

    { 

     color="green "; 

    }; 

    R_Date("ETH-86822", 41670, 320) 

    { 

    }; 

    R_Date("ETH-86821", 41630, 320) 

    { 

    }; 

    R_Date("ETH-86820", 41540, 320) 

    { 

    }; 

    R_Date("ETH-86819", 41230, 310) 

    { 

    }; 

   }; 

   Boundary("Transition Layer J/Layer I"); 

   Phase("Layer I") 

   { 

    R_Date("ETH-86772", 42450, 510) 

    { 
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     color="purple"; 

    }; 

    R_Date("ETH-71330", 42270, 300) 

    { 

     color="green"; 

    }; 

    R_Date("R_combine R-EVA 1741", 41950, 250) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-71328", 41850, 280) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-86770", 41850, 480) 

    { 

     color="purple"; 

    }; 

    R_Date("R_combine R-EVA 1742", 41820, 250) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-71314", 41770, 210) 

    { 

     color="green"; 
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    }; 

    R_Date("ETH-71329", 41730, 280) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-86784", 41660, 320) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-71325", 41480, 270) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-71320", 41450, 270) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-86808", 41350, 310) 

    { 

    }; 

    R_Date("R_combine R-EVA 1733", 41310, 180) 

    { 

     color="green"; 

    }; 

    R_Date("R_combine R-EVA 1740", 41220, 210) 
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    { 

     color="green"; 

    }; 

    R_Date("ETH-71331", 41200, 260) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-71327", 41170, 260) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-71318", 41080, 260) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-86810", 40920, 300) 

    { 

    }; 

    R_Date("ETH-71316", 40790, 250) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-86780", 40760, 290) 

    { 

     color="green"; 
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    }; 

    R_Date("ETH-86809", 40750, 290) 

    { 

    }; 

    R_Date("ETH-86807", 40710, 290) 

    { 

    }; 

    R_Date("ETH-86771", 40600, 420) 

    { 

     color="purple"; 

    }; 

    R_Date("ETH-86783", 40340, 280) 

    { 

     color="green"; 

    }; 

    R_Date("ETH-86769", 39750, 380) 

    { 

     color="purple"; 

    }; 

   }; 

   Boundary("Transition Layer I/Layer F"); 

   Phase("Layer F") 

   { 

    R_Date("ETH-86800", 40250, 270) 

    { 

132



Fewlass et al  Bacho Kiro Cave 

 

    }; 

    R_Date("combine_R-EVA 1730", 40190, 170) 

    { 

    }; 

    R_Date("ETH-71311", 40170, 180) 

    { 

    }; 

    R_Date("ETH-86801", 39370, 260) 

    { 

    }; 

    R_Date("ETH-86799", 39090, 240) 

    { 

    }; 

   }; 

   Boundary("Transition Layer F/Layer E"); 

   Phase("Layer E") 

   { 

    R_Date("combine_R-EVA 1724", 39470, 160) 

    { 

    }; 

    R_Date("ETH-71309", 39310, 160) 

    { 

    }; 

    R_Date("ETH-71310", 39080, 170) 

    { 
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    }; 

    R_Date("ETH-71308", 38720, 160) 

    { 

    }; 

   }; 

   Boundary("Transition Layer E/Layer D"); 

   Phase("Layer D") 

   { 

    R_Date("ETH-86798", 37510, 210) 

    { 

    }; 

   }; 

   Boundary("Transition Layer D/Layer C"); 

   Phase("Layer C") 

   { 

    R_Date("ETH-71304", 36230, 120) 

    { 

    }; 

    R_Date("ETH-71305", 35030, 110) 

    { 

    }; 

    R_Date("ETH-71302", 34690, 110) 

    { 

    }; 

   }; 
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   Boundary("Transition Layer C/Layer B"); 

   Phase("Layer B") 

   { 

    R_Date("ETH-71300", 32610, 90) 

    { 

    }; 

    R_Date("ETH-71297", 32500, 90) 

    { 

    }; 

    R_Date("R_combine R-EVA 2665", 31660, 140) 

    { 

     color="purple"; 

    }; 

    R_Date("ETH-71298", 31310, 80) 

    { 

    }; 

   }; 

   Boundary("Transition Layer B/Layer A2"); 

   Phase("Layer A2") 

   { 

    R_Date("ETH-71294", 31410, 80) 

    { 

    }; 

    R_Date("ETH-71295", 31310, 80) 

    { 
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    }; 

    R_Date("ETH-71296", 30950, 80) 

    { 

    }; 

   }; 

   Boundary("End Layer A2"); 

  }; 

 }; 
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Supplementary Figures 
 

 

 

Supplementary Figure 1. View of the Niche 1 (left) and Main Section (right) during excavations of Bacho 
Kiro Cave in 2019. The concrete floor in the centre covers the 1970s excavation area. Photo is looking 
toward the south in the cave.
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Supplementary Figure 2. Stratigraphic profile (facing north-east) in the Main Sector showing the location of all the bones dated in the study marked with 

their square ID (corresponding to Supplementary Tables 2-4) according to layer.  
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Supplementary Figure 3. Stratigraphic profile (facing north-east) in the Main Sector showing all the finds separated by layer excavated during 2015-2019. 

The bones dated in the study are marked with a white circle. Select radiocarbon dates are shown (95% calibrated range). Note the variable density of finds 

between layers.  
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Supplementary Figure 4. Stratigraphic profile (facing north-west) in the Niche 1 showing the location of all the bones dated in the study marked with their 
square ID (corresponding to Supplementary Tables 2-4) separated according to layer.  
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Supplementary Figure 5. Stratigraphic profile (facing north-west) in the Niche 1 showing all the finds separated by layer excavated during 2015-2019. The 

bones dated in the study are marked with a white circle. Select radiocarbon dates are shown (95% calibrated range). Note the variable density of finds 

between layers and the exceptionally high density in Layer N1-I.  
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Supplementary Figure 6. Collagen yields of pretreated bones from each layer and layer contact zones 
(I/J, N1-J/K, N1-I/J, N1-H/I) in the a) Main Sector and b) Niche 1. The dashed line shows the minimum 
level of collagen preservation generally considered suitable for 14C dating.   
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Supplementary Figure 7. Relationship between collagen preservation (14C data) and glutamine 

deamidation (ZooMS data): a) Correlation between collagen peptide P1105 and P1706 deamidation; 

b) Relationship between the collagen % and number of observed peptide markers; c) Relationship 

between the C:N ratio and P1105 deamidation; d) Relationship between the C:N ratio and P1706 

deamidation; e) Relationship between collagen % and P1105 deamidation; f) Relationship between 

collagen % and P1706 deamidation. For deamidation, 1 indicates no deamidation and 0 indicates 

complete deamidation of the single glutamine in either the P1105 or P1706 peptide. 
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Supplementary Tables 

 

Supplementary Table 1. Cultural identification of the stone assemblages from each layer of 
Bacho Kiro Cave, showing the correlation of the layers from the excavation in the 1970s15 
and the new excavation (2015-2018)8.   

Layers 

Niche 

1  

Layers 

Main 

Sector  

Layers  

1971-75 

excavations  

Summary of techno-typological assemblages 

N1-1? A1 4, 3a, 5  2015-2018 - Very low density (n=6) of Upper Palaeolithic 
forms including 2 backed bladelets, characteristic of the 
Gravettian.    

 1970s – Very poor lithic assemblage named ‘backed 
piece tradition’ interpreted as Epigravettian.  

N1-2? A2 4a, 4b  2015-2018 - Low density of Upper Palaeolithic forms 
(n=12) without diagnostic attributes.  

 1970s - 194 lithics interpreted as ’Aurignacian-like’, 
including many flakes, a few blades and tools such as 
end-scrapers, burins, denticulate flakes and side-
scrapers. 

N1-3a? B 6a  2015-2018 - Upper Palaeolithic assemblage (n=87) with 
Aurignacian elements (bladelet cores with carenoidal 
end-scrapers, burins, retouched blades and engraved 
bone).  

 1970s – Upper Palaeolithic assemblage (n=521) 
considered as typical Balkan Aurignacian (carenoidal 
and nosed end-scrapers, dihedral burins and spalls, 
retouched blades, thin backed bladelets with fine or 
step retouch).  

N1-3b C 7  2015-2018 - Low-density Upper Palaeolithic assemblage 
(n=13) of retouched blades, worked bone and platforms 
consistent with the appearance of soft hammer 
percussion. No other diagnostic attributes. 

 1970s – Also attributed to the Aurignacian (lithics 
n=521): tools with typical Aurignacian retouch and 
typology, burins and bladelet cores.   

N1-3c D 6b  2015-2018 - No lithics recovered.  

 1970s – Low density present only at borders with over-
and under-lying layers: many flakes and a few blades, 
cores and tools (end-scrapers, burins and retouched 
blades). 

N1-3d E 8  2015-2018 - No lithics recovered.  

 1970s – 2 lithics and 1 bone point (Mladeč type similar 
to Moravian Aurignacian, Czech Republic).   

N1-3e F 6c  2015-2018 - No lithics recovered.  

 1970s – 1 lithic and 5 bone retouchers (and 4 bones 
with cutmarks).   
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N1-G G 9c -9a  2015-2018 - Low density (n=3) of lithics reworked from 
layer N1-I/I (water-laid deposit).   

 1970s – Lithics (n=239) fitting with the technology and 
typology of the underlying Bachokirian assemblage. 
Aurignacian elements (retouched blades, high end-
scrapers, bone points) gradually increase in Layers 9-7. 

N1-H Not 

present 

9c/10  2015-2018 - Low density of lithics (n=12) reworked from 
underlying layer N1-I (water-laid deposit).   

 1970s – No lithics in Layer 10.  

N1-I I 

 

11  2015-2018 - High-density IUP assemblage (n=1302) 
consistent with 1970s excavation, made on various 
imported fine-grained flints, consisting of Levallois-like 
blades, retouched blade points, end-scrapers and 
splintered pieces. Assemblage is very fragmented and 
reworked. Also includes worked bone tools (awls, 
lissoirs, retouchers) and pendants (bear/ungulate 
teeth).  

 1970s – Assemblage called ‘Bachokirian Upper 
Palaeolithic’ made on fine-grained imported flint. Tools 
types: end-scrapers, retouched blades and flakes 
splintered pieces and burins.   

N1-J J 11a  2015-2018 - Consistent with previous excavations, the 
upper part of the layer contains low density of IUP as in 
Layer N1-I/I (above). Lower layer contains low density of 
lithics: 6 characteristic of IUP as in N1-I; 8 characteristic 
of MP assemblage in N1-K.   

 1970s – Layer 11a upper contains assemblage consistent 
with Layer 11 above with much lower density. Layer 11a 
lower contains some MP artefacts consistent with Layer 
12. Change from volcanic rock to flint at border of 
Layers 12/11a. 

N1-K Not 

present 

12  2015-2018 - Middle Palaeolithic assemblage (n=5) 
consistent with 1970s excavation containing Levallois 
flakes. Raw material is local coarse-grained syenite 
porphyry.  

 1970s – Middle Palaeolithic (Levallois flakes, bone 
retouchers) on local volcanic rock extends from Layer 14 
to bottom of Layer 11a. 
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the 
radiocarbon study (uploaded as accompanying .xlsx file). 

Supplementary Table 3. Comparison of outlier analysis and agreement index of three models from 
Bacho Kiro Cave (uploaded as accompanying .xlsx file). 

Supplementary Table 4. Comparison of model output for Bacho Kiro Cave chronology (outliers 
excluded) (uploaded as accompanying .xlsx file).  

 

Supplementary Table 5. Radiocarbon dates of the two Upper Palaeolithic human bone fragments, 
BK-1653 and F6-597, using 2.5-3 mg collagen in graphite targets measured with the MICADAS at 
ETH-Zurich, and using 100-300 µg collagen for the gas ion source of the AixMICADAS. The bottom 
line shows the weighted mean 14C age and 1σ error of all the dates from each extract, calculated 
using the R_Combine function in OxCal version 4.316. The output of the X2 test is included in the 
bottom line showing that all the dates are statistically indistinguishable for the two bones (for the 
dates to be in statistical agreement the T value must be less than the X2 value which is shown in 
parentheses). All dates have been rounded to the nearest 10 years.  

Dating 
method 

BK-1653 F6-597 

AMS Lab no μg C F14C error 

14C age 
(BP) 

1 σ 
error AMS Lab no μg C F14C error 

14C age 
(BP) 

1σ 
error 

Graphite ETH-86768 996 0.0223 0.0004 30540 140 ETH-86773 940 0.0197 0.0004 31540 150 

CO2 AIX-12024.1.1 48 0.0229 0.0015 30330 530 AIX-12025.1.1 84 0.0189 0.0013 31880 570 

CO2 AIX-12024.1.2 36 0.0218 0.0013 30720 490 AIX-12025.1.2 68 0.0187 0.0014 31960 600 

CO2 AIX-12024.1.3 39 0.0214 0.0013 30870 490 AIX-12025.1.3 90 0.0177 0.0011 32400 490 

CO2 AIX-12024.1.4 93 0.0221 0.0011 30610 400       

R_Combine df = 4, T= 0.8 (5% 9.5)   30570 120  df = 3, T= 3.5 (5% 7.8)             31660      140 
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 

sampled

Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Main 

Profile

1616 2015 2016 F6-60 A1 bone BK-22 7 0.8 0.73 Ursidae - 624.5 35 5.6 47.9 17.6 3.2 collagen

2314 2016 2017 G4-47 A1 (A1/c) long bone BK-1264 9 0.84 0.72 Ursidae - 396.0 21.7 5.5 43.1 16.0 3.1 collagen

2315 2015 2017 G4-28 A1
bone 

(metatarsal)
BK-12 9 0.84 0.86 Bos/Bison Cut-marks 564.2 46.1 8.2 44.9 16.6 3.2 collagen

2316 2015 2017 F6-80 A1 long bone BK-5 7 0.75 0.64 Ursidae Cut-marks 508.4 9.4 1.8 38.9 14.4 3.1 collagen

1711 2016 2016 F6-160 A2 bone BK-53 9 0.74 0.76 Cervid/Saiga - 500.0 44.5 8.9 43.8 15.5 3.3 collagen

1712 2016 2016 F6-132 A2 bone BK-54 7 0.72 0.75 Ursidae Cut-marks 497.7 34.8 7.0 42.5 15.3 3.2 collagen

1713 2016 2016 G5-133 A2 bone BK-55 9 0.78 0.77 Capra sp. Cut-marks 461.2 22.9 5.0 42.9 15.3 3.3 collagen

1714 2016 2016 G5-153 B1 bone BK-56 6 0.78 0.81 Ursidae - 547.1 22.0 4.0 40.9 14.6 3.3 collagen

1715 2016 2016 G5-206 B bone BK-57 6 0.79 0.69 Ursidae - 516.6 27.6 5.3 39.5 14.3 3.2 collagen

1716 2016 2016 G5-212 B bone BK-58 9 0.83 0.79 Capra sp. Cut-marks 419.7 18.4 4.4 39.7 14.5 3.2 collagen

1717 2016 2016 G5-344 B bone BK-59 6 0.77 0.81 Ursidae Cut-marks 504.7 29.3 5.8 39.9 14.6 3.2 collagen

2665 2016 2017 F6-597 B(B1) bone BK-835 9 Hominin - 81.9 3.4 4.2 40.2 14.9 3.2 collagen

1751 1970s 2017 BK-1653 6a/7 = B/C bone BK-50 6 0.68 0.7 Hominin - 89.0 10.5 11.8 42.0 15.6 3.2 collagen

1720 2016 2016 G4-215 C bone BK-62 9 0.75 0.64 Capra sp. Cut-marks 539.6 51.8 9.6 41.8 15.3 3.2 collagen

1721 2016 2016 G4-286 C bone BK-63 7 0.75 0.66 Ursidae Cut-marks 549.7 54.1 9.8 44.3 16.2 3.2 collagen

1722 2016 2016 G5-462 C bone BK-64 8 0.83 Bos/Bison Cut-marks 519.4 39.3 7.6 43.5 16.0 3.2 collagen

1723 2016 2016 G5-467 C bone BK-65 9 0.75 0.71 Capra sp. Cut-marks 510.4 34.6 6.8 43.2 16.0 3.1 collagen

2317 2016 2017 F6-397 D long bone BK-1266 9 0.79 0.64 Ursidae Cut-marks 436.2 43.4 9.9 45.9 17.0 3.1 collagen

2318 2016 2017 F6-445 D long bone BK-1267 9 0.8 0.81 Bos/Bison - 585.4 51.9 8.9 46.4 17.2 3.1 collagen

Sample Info

Pepti

de 

mark

ers

Sample Size Quality checks
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA

Main 

Profile

1616

2314

2315

2316

1711

1712

1713

1714

1715

1716

1717

2665

1751

1720

1721

1722

1723

2317

2318

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

35380 35020 35570 34870 MAMS-27346 31340 120

ETH-86796 0.0562 0.0004 23130 60 27520 27350 27610 27250

ETH-86797 0.0140 0.0003 34290 150 38920 38580 39150 38420

ETH-71294 0.0200 0.0002 31410 80 35430 35110 35580 34970

ETH-71295 0.0203 0.0002 31310 80 35310 35010 35490 34870

ETH-71296 0.0212 0.0002 30950 80 34950 34720 35070 34610

ETH-71297 0.0175 0.0002 32500 90 36490 36240 36670 36120

ETH-71298 0.0203 0.0002 31310 80 35310 35010 35490 34870

ETH-71299 0.0223 0.0002 30570 80 34670 34410 34780 34260

ETH-71300 0.0172 0.0002 32610 90 36610 36330 36810 36210

ETH-86773 0.0197 0.0004 31540 150 35750 35340 35960 35150

R_combine value 31660 ± 140 used for calibration - see 

Supplementary Table 5 for CO2 dates made with the 

AixMICADAS

ETH-86768 0.0223 0.0004 30540 140 34690 34380 34810 34210
R_combine value 30570 ± 120 used for calibration - see 

Supplementary Table 5 for CO2 dates made with the 

ETH-71302 0.01333 0.00018 34690 110 39380 38970 39590 38800

ETH-71303 0.00559 0.00014 41670 200 45350 44910 45570 44690 MAMS-29490 41900 370 R-Combine value 41720 ± 80 used for calibration

ETH-71304 0.0110 0.00017 36230 120 41120 40710 41290 40480

ETH-71305 0.01277 0.00017 35030 110 39790 39390 39960 39180

ETH-86798 0.00937 0.00024 37510 210 42100 41760 42270 41570

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 

sampled

Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Sample Info

Pepti

de 

mark

ers

Sample Size Quality checks

1725 2016 2016 G4-340 E (contact E/D) bone BK-67 7 0.77 0.78 Ursidae - 516.5 33.4 6.4 43.6 16.3 3.1 collagen

1724 2016 2016 G4-333 E bone BK-66 7 0.62 0.56 Ursidae Cut-marks 521.2 46.9 9.0 41.3 15.5 3.1 collagen

1726 2016 2016 G5-571 E bone BK-68 9 0.71 0.66 Cervid/Saiga - 547.9 28.8 5.3 43.9 16.2 3.2 collagen

1727 2016 2016 F6-477 E
tooth 

(dentine)
BK-69 7 0.81 0.61 Ursidae - 485.2 16.0 3.3 39.9 14.8 3.1 collagen

1728 2016 2016 F6-495 E
tooth 

(dentine)
BK-70 6 0.85 Ursidae - 537.3 20.2 3.8 41.2 15.6 3.1 collagen

1729 2016 2016 G5-628 F
tooth 

(dentine)
BK-71 7 0.76 Ursidae - 550.9 25.9 4.7 43.2 16.2 3.1 collagen

2319 2016 2017 G5-620 F (F1) bone (skull) BK-1271 8 0.79 0.65 Ursidae - 475.3 40.7 8.6 45.3 17.0 3.1 collagen

2320 2016 2017 F6-527 F (F1/F2) long bone BK-1270 6 0.82 0.7 Ursidae - 490.4 39.9 8.1 46.4 17.4 3.1 collagen

1730 2016 2016 F6-545 F2 bone BK-72 7 0.75 0.7 Ursidae Cut-marks 550.2 54.1 9.8 43.9 16.6 3.1 collagen

2321 2016 2017 F6-542 F (F2) bone (rib) BK-1269 6 0.77 0.57 Rhinocerotid - 622.9 51.4 8.3 45.9 17.2 3.1 collagen

2322 2016 2017 G5-643 F (F3) long bone BK-1268 7 0.79 0.63 Rhinocerotid - 485.0 37.8 7.8 45.7 17.2 3.1 collagen

2323 2016 2017 G5-666 G1 long bone BK-1273 9 0.79 0.73 Bos/Bison - 467.7 41.2 8.8 46.5 17.3 3.1 collagen

2324 2016 2017 G5-706 G2 bone BK-1274 9 0.77 0.77 Bos/Bison - 378.8 31.9 8.4 46.3 17.3 3.1 collagen

2325 2017 2017 G5-729 G3 long bone BK-1276 9 0.77 0.77 Bos/Bison - 541.4 31.6 5.8 46.1 17.2 3.1 collagen

2326 2016 2017 G4-397 G1 long bone BK-1272 9 0.8 0.75 Bos/Bison - 466.1 26.2 5.6 45.4 16.9 3.1 collagen

2327 2016 2017 F5-55 G (G2) long bone BK-1275 9 0.8 0.79 Bos/Bison Cut-marks 552.2 42.1 7.6 46.7 17.5 3.1 collagen

2328 2017 2017 G5-812 I bone BK-1278 9 0.75 0.64 Ursidae - 508.4 56.4 11.1 45.7 17.1 3.1 collagen

2329 2017 2017 G5-815 I long bone BK-1280 9 0.77 0.61 Cervid/Saiga - 464.2 22 4.7 44.0 16.4 3.1 collagen

2330 2017 2017 G5-806 I long bone BK-1279 9 0.82 0.71 Bos/Bison - 419.3 19.4 4.6 41.8 15.8 3.1 collagen

2331 2017 2017 G5-816 I bone BK-1277 9 0.81 0.65 Ursidae Cut-marks 442.3 46.9 10.6 44.8 16.8 3.1 collagen

2332 2017 2017 F5-97 I long bone BK-1287 9 0.8 0.74 Bos/Bison - 454.7 47 10.3 46.9 17.5 3.1 collagen

2333 2017 2017 F5-107 I long bone BK-1288 9 0.79 0.74 Bos/Bison Retoucher 472.5 46.5 9.8 46.6 17.4 3.1 collagen

2334 2017 2017 F5-106 I long bone BK-1285 9 0.83 0.78 Bos/Bison - 412.3 25.5 6.2 43.6 16.5 3.1 collagen
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA

Main 

Profile1725

1724

1726

1727

1728

1729

2319

2320

1730

2321

2322

2323

2324

2325

2326

2327

2328

2329

2330

2331

2332

2333

2334

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)

ETH-71307 0.01061 0.00017 36520 130 41360 41010 41500 40800 MAMS-29489 36440 200 R_combine value 36500 ± 110 used for calibration

ETH-71306 0.00735 0.00015 39470 170 43320 42980 43510 42820 MAMS-28675 39470 410 R_combine value 39470 ± 160 used for calibration

ETH-71308 0.00806 0.00016 38720 160 42820 42530 42970 42380

ETH-71309 0.0075 0.00015 39310 160 43200 42880 43370 42730

ETH-71310 0.00771 0.00016 39080 170 43050 42740 43210 42590

ETH-71311 0.00673 0.00015 40170 180 44000 43500 44250 43300

ETH-86799 0.00771 0.00023 39090 240 43100 42710 43310 42530

ETH-71312 0.00672 0.00015 40180 180 44020 43530 44260 43330 MAMS-28676 40260 430 R_combine value 40190 ± 170 used for calibration

ETH-86800 0.00667 0.00023 40250 270 44150 43520 44430 43270

ETH-86801 0.00744 0.00024 39370 260 43310 42870 43590 42670

ETH-86802 0.00649 0.00023 40470 280 44360 43730 44640 43420

ETH-86806 0.00604 0.00022 41040 300 44880 44270 45190 43940

ETH-86804 0.00623 0.00022 40800 290 44670 44050 44970 43700

ETH-86807 0.0063 0.00023 40710 290 44590 43960 44880 43610

ETH-86808 0.00581 0.00022 41350 310 45130 44520 45450 44240
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R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 

sampled

Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Sample Info

Pepti

de 

mark

ers

Sample Size Quality checks

2335 2017 2017 F5-273 I bone (rib) BK-1286 9 0.8 0.81 Capra sp. Cut-marks 343.3 34 9.9 44.2 16.8 3.1 collagen

2336 2017 2017 F6-570 I bone BK-1281 9 0.77 0.67 Ursidae - 453.2 61.9 13.7 46.2 17.1 3.2 collagen

2337 2017 2017 F6-571 I long bone BK-1283 9 0.81 0.8 Bos/Bison - 458.0 45.9 10.0 46.4 16.8 3.2 collagen

2338 2017 2017 F6-579 I bone BK-964 9 Bos/Bison - 474.3 60.6 12.8 45.8 17.0 3.2 collagen

2339 2017 2017 F6-580 I long bone BK-1282 9 0.74 0.61 Ursidae - 358.9 49.1 13.7 46.1 17.0 3.2 collagen

2340 2017 2017 F6-581 I long bone BK-1284 9 0.79 Bos/Bison
Cut-marks + 

marrow break
461.8 30.5 6.6 45.6 16.8 3.2 collagen

2341 2017 2017 G5-877 I/J long bone BK-1300 7 0.63 0.54 Ursidae - 400.3 27.6 6.9 46.4 16.9 3.2 collagen

2342 2017 2017 G5-852 I/J long bone BK-1301 9 0.87 0.6 Equidae Cut-marks 500.7 52.2 10.4 44.3 16.5 3.1 collagen

2343 2017 2017 G5-853 I/J
bone 

(vertebra)
BK-1299 8 0.8 0.64 Equidae - 338.0 39.9 11.8 44.4 16.6 3.1 collagen

2344 2017 2017 G5-862 I/J bone (skull) BK-1298 8 0.75 0.48 Ursidae Cut-marks 511.2 48.4 9.5 43.3 15.8 3.2 collagen

2345 2017 2017 F5-132 I/J long bone BK-1295 9 0.8 0.64 Ursidae Cut-marks 474.5 65.3 13.8 47.4 17.3 3.2 collagen

2346 2017 2017 F5-155 I/J long bone BK-1294 9 0.78 0.75 Capra sp. - 509.0 40.2 7.9 45.3 16.8 3.1 collagen

2347 2017 2017 F5-143 I/J bone (ulna) BK-1293 9 0.82 0.75 Capra sp. - 556.0 59.7 10.7 46.2 17.0 3.2 collagen

2348 2017 2017 F5-168 I/J long bone BK-1292 9 0.8 0.75 Bos/Bison Cut-marks 519.0 38.2 7.4 45.8 16.6 3.2 collagen

2349 2017 2017 F5-172 I/J bone (rib) BK-1291 9 0.78 0.65 Ursidae Cut-marks 436.0 47 10.8 46.2 16.9 3.2 collagen

2350 2017 2017 F5-176 I/J
bone 

(mandible)
BK-1296 9 0.78 0.72 Cervid/Saiga Cut-marks 460.6 31.7 6.9 43.2 15.8 3.2 collagen

2351 2017 2017 F5-177 I/J
bone 

(phalanx)
BK-1290 9 0.8 0.68 Ursidae - 432.3 52.3 12.1 45.6 17.0 3.1 collagen

2352 2017 2017 F5-182 I/J bone (rib) BK-1289 9 0.82 0.76 Bos/Bison Cut-marks 473.5 48.1 10.2 45.4 16.9 3.1 collagen

2353 2017 2017 F5-195 I/J long bone BK-1297 9 0.75 0.77 Bos/Bison Cut-marks 508.4 51.9 10.2 45.8 17.0 3.1 collagen

2354 2017 2017 E6-11 I/J bone (skull) BK-1302 9 0.76 0.69 Ursidae - 440.0 58.8 13.4 51.8 19.2 3.1 collagen

2355 2017 2017 E6-10 I/J long bone BK-940 9 Bos/Bison - 611.3 52.6 8.6 46.6 17.0 3.2 collagen

2356 2017 2017 E6-16 I/J long bone BK-1305 9 0.69 0.59 Ursidae Cut-marks 387.8 58 15.0 47.6 17.4 3.2 collagen

2357 2017 2017 E6-21 I/J long bone BK-932 8 Ursidae Cut-marks 426.9 61 14.3 49.0 17.9 3.2 collagen

2358 2017 2017 E6-12 I/J bone (rib) BK-1304 8 0.79 0.58 Ursidae - 369.2 36.4 9.9 44.9 16.6 3.2 collagen

2359 2017 2017 E6-9 I/J bone (rib) BK-1303 9 0.78 0.66 Ursidae Cut-marks 529.8 62.4 11.8 45.1 16.6 3.2 collagen

152



New 14C chronology for Middle–to–Upper Palaeolithic transition at Bacho Kiro Cave, Bulgaria 

Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA

Main 

Profile
2335

2336

2337

2338

2339

2340

2341

2342

2343

2344

2345

2346

2347

2348

2349

2350

2351

2352

2353

2354

2355

2356

2357

2358

2359

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)

ETH-86809 0.00626 0.00023 40750 290 44630 44000 44920 43650

ETH-86810 0.00614 0.00023 40920 300 44780 44160 45090 43810

ETH-86811 0.00656 0.00023 40380 280 44280 43640 44560 43350 not modelled - contact zone 

ETH-86812 0.00727 0.00023 39560 260 43460 42980 43800 42790 not modelled - contact zone 

ETH-86813 0.00675 0.00023 40160 270 44060 43440 44360 43210 not modelled - contact zone 

ETH-86814 0.0060 0.0002 41040 300 44880 44270 45190 43940 not modelled - contact zone 

ETH-86815 0.0059 0.0002 41210 300 45010 44420 45320 44120 not modelled - contact zone 

ETH-86816 0.0058 0.0002 41380 310 45150 44550 45470 44270 not modelled - contact zone 
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R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 

sampled

Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Sample Info

Pepti

de 

mark

ers

Sample Size Quality checks

2360 2017 2017 F6-584 I/J bone BK-933 9 Ursidae - 360.8 50.3 13.9 45.3 16.8 3.1 collagen

2361 2017 2017 F6-586 I/J bone BK-586 5 0.72 Ursidae - 599.6 92.9 15.5 46.4 17.1 3.2 collagen

2362 2017 2017 F6-587 I/J bone (rib) BK-938 9 Ursidae - 449.1 58.9 13.1 54.6 20.1 3.2 collagen

2363 2017 2017 F6-587 I/J
bone (femur 

head)
BK-938 9 Ursidae - 472.3 67.1 14.2 46.1 16.8 3.2 collagen

2364 2017 2017 F5-200 J long bone BK-1306 9 0.8 0.79 Capra sp. - 351.4 34.9 9.9 46.4 17.1 3.2 collagen

2365 2017 2017 F5-232 J bone BK-970 9 Bos/Bison - 329.5 45.1 13.7 46.3 17.0 3.2 collagen

2366 2017 2017 E6-2 J bone (cranial) BK-1309 9 0.81 0.84 Capra sp. Cut-marks 520.8 53 10.2 45.5 16.8 3.2 collagen

2367 2017 2017 E6-5 J long bone BK-1308 9 0.8 0.69 Ursidae Cut-marks 438.5 66.7 15.2 46.8 17.4 3.1 collagen

2368 2017 2017 E6-3 J bone (rib) BK-1307 9 0.75 0.61 Ursidae Cut-marks 393.0 44.8 11.4 49.2 18.0 3.2 collagen

Niche

2275 2016 2017 AA8-59 N1-3a
bone 

(cranial?)
BK-1217 0 Indet Cut-marks 553.6 1.1 0.2 - - - -

2276 2016 2017 AA8-190 N1-3a bone BK-1218 3 0.68 Carnivora/Bovidae- 444.5 1 0.2 - - - -

1718 2016 2016 AA8-54 N1-3a bone BK-60 7 0.76 0.75 Bos/Bison - 509.9 18.9 3.7 42.5 15.3 3.2 collagen

1719 2016 2016 AA8-65 N1-3a bone BK-61 5 0.55 Indet - 505.7 1.3 0.3 21.1 7.8 3.2 collagen

2272 2016 2017 BB8-47 N1-3c
bone 

(cranial?)
BK-1221 0 Indet - 443.1 0.1 0.0 - - - -

2273 2016 2017 BB8-61 N1-3c bone BK-1220 9 0.84 0.83 Bos/Bison - 347.1 5.2 1.5 42.0 15.5 3.2 collagen

2274 2016 2017 AA8-73 N1-3c bone BK-1219 0 Indet - 564.9 0.5 0.1 - - - -

2271 2016 2017 BB8-68 N1-3d long bone BK-1222 7 0.78 0.69 Ursidae - 368.0 5.3 1.4 39.6 14.8 3.1 collagen

2268 2016 2017 BB8-96 N1-3e long bone BK-1225 8 0.73 0.62 Ursidae - 526.6 1.4 0.3 - - - -

2269 2016 2017 BB8-83 N1-3e long bone BK-1224 6 0.74 0.61 Ursidae - 495.5 0.5 0.1 - - - -

2270 2016 2017 BB8-106 N1-3e long bone BK-1223 9 0.85 0.81 Bos/Bison - 464.7 12.9 2.8 43.1 15.9 3.2 collagen

1731 2016 2016 BB8-141 N1-G bone BK-73 7 0.73 0.6 Ursidae Cut-marks 521.2 35.5 6.8 41.4 16.1 3.0 collagen

2277 2016 2017 BB8-121 N1-G1 long bone BK-1226 8 0.73 0.7 Bos/Bison

Possible 

marrow 

fracture?

221.8 18.1 8.2 44.8 16.7 3.1 collagen
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R-EVA

Main 

Profile
2360

2361

2362

2363

2364

2365

2366

2367

2368

Niche

2275

2276

1718

1719

2272

2273

2274

2271

2268

2269

2270

1731

2277

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)

ETH-86817 0.0058 0.0002 41350 310 45130 44520 45450 44240 not modelled - contact zone 

ETH-86818 0.0054 0.0002 42010 330 45670 45050 46000 44740 not modelled - contact zone 

ETH-86819 0.0059 0.0002 41230 310 45030 44430 45350 44120

ETH-86820 0.0057 0.0002 41540 320 45290 44670 45600 44380

ETH-86821 0.0056 0.0002 41630 320 45360 44750 45670 44450

ETH-86822 0.0056 0.0002 41670 320 45390 44780 45700 44480

ETH-71301 0.01282 0.00018 35000 110 39760 39350 39940 39140 Not modelled - archaeology unclear

ETH-86776 0.00839 0.00024 38410 230 42670 42300 42850 42130 Not modelled - archaeology unclear

ETH-86775 0.01153 0.00025 35850 180 40740 40220 41010 39990 Not modelled - archaeology unclear

ETH-86774 0.00725 0.00023 39580 260 43480 42990 43820 42790 Not modelled - archaeology unclear

ETH-71313 0.00617 0.00015 40870 190 44660 44200 44900 43930

ETH-86777 0.00665 0.00023 40270 280 44170 43540 44460 43270
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R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 
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Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Sample Info
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de 

mark

ers

Sample Size Quality checks

2278 2017 2017 A7-196 N1-H/I bone BK-1228 6 0.77 0.64 Ursidae Cut-marks 489.4 18.5 3.8 44.2 16.3 3.2 collagen

2279 2017 2017 A7-275 N1-H/I long bone BK-1227 8 0.74 0.62 Ursidae Cut-marks 623.6 69.1 11.1 44.7 16.5 3.2 collagen

2280 2017 2017 BB8-292 N1-H/I long bone BK-1229 7 0.74 0.58 Equidae - 352.0 37.3 10.6 45.8 16.8 3.2 collagen

1732 2016 2016 CC7-80 N1-I bone BK-74 7 0.7 0.58 Cervidae/BovidaeCut-marks 512.2 35.0 6.8 42.0 16.2 3.0 collagen

1733 2016 2016 CC7-379 N1-I bone BK-75 9 0.82 0.73 Bos/Bison Cut-marks 502.3 21.2 4.2 44.6 15.3 3.4 collagen

1734 2016 2016 CC7-391 N1-I bone BK-76 9 0.78 Bos/Bison Cut-marks 515.5 37.3 7.2 44.1 15.2 3.4 collagen

1735 2016 2016 CC7-466 N1-I bone BK-77 7 0.71 0.58 Ursidae Cut-marks 504.2 51.0 10.1 45.5 15.8 3.4 collagen

1736 2016 2016 CC7-590 N1-I bone BK-78 9 0.86 Capra sp. Cut-marks 490.4 30.2 6.2 43.3 15.2 3.3 collagen

1737 2016 2016 CC7-770 N1-I bone BK-79 9 0.74 0.74 Bos/Bison Cut-marks 529.1 56.9 10.8 46.7 16.5 3.3 collagen

1738 2016 2016 CC7-817 N1-I bone BK-80 8 0.78 0.67 Bos/Bison Cut-marks 496.4 28.2 5.7 43.3 15.5 3.3 collagen

1739 2016 2016 CC7-840 N1-I bone BK-81 9 Equidae Cut-marks 520.8 36.1 6.9 44.1 15.8 3.3 collagen

1740 2016 2016 CC7-842 N1-I bone BK-82 6 0.74 0.61 Ursidae Cut-marks 534.1 51.9 9.7 43.9 15.9 3.2 collagen

1741 2016 2016 CC7-909 N1-I bone BK-83 8 0.76 Equidae Cut-marks 503.8 51.6 10.2 41.9 14.9 3.3 collagen

1742 2016 2016 CC7-920 N1-I bone BK-84 9 0.87 Bos/Bison Cut-marks 482.9 53.2 11.0 38.9 14.0 3.2 collagen

1743 2016 2016 CC7-942 N1-I bone BK-85 9 0.79 0.73 Bos/Bison Cut-marks 407.7 24.2 5.9 40.4 14.5 3.2 collagen

1744 2016 2016 CC7-977 N1-I bone BK-86 9 0.79 Capra sp. Cut-marks 541.6 33.3 6.1 42.8 15.4 3.3 collagen

1745 2016 2016 CC7-982 N1-I bone BK-87 6 0.77 0.83 Ursidae Cut-marks 461.4 24.7 5.4 42.4 15.4 3.2 collagen

1746 2016 2016 CC7-990 N1-I bone BK-88 8 0.81 0.68 Equidae Cut-marks 542.4 38.9 7.2 42.1 15.6 3.2 collagen

1747 2016 2016 CC7-1005 N1-I bone BK-89 6 0.78 0.77 Ursidae Cut-marks 573.5 36.2 6.3 42.0 15.7 3.1 collagen

1748 2016 2016 CC7-1043 N1-I bone BK-90 9 0.81 0.78 Capra sp. Cut-marks 580.9 53.1 9.1 41.2 15.4 3.1 collagen

1749 2016 2016 CC7-1530 N1-I bone BK-91 9 0.82 0.76 Bos/Bison Cut-marks 564.6 34.7 6.1 41.8 15.6 3.1 collagen

1750 2016 2016 CC7-2130 N1-I bone BK-92 5 Indet Cut-marks 553.9 1.8 0.3 - - - no collagen

156



New 14C chronology for Middle–to–Upper Palaeolithic transition at Bacho Kiro Cave, Bulgaria 

Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA

Main 

Profile2278

2279

2280

1732

1733

1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)

Carnivore tooth mark as well as cutmarks

ETH-71314 0.0055 0.0001 41770 210 45400 44930 45640 44700

ETH-71315 0.0058 0.0001 41410 200 45010 44570 45230 44360 MAMS-28677 40720 460 R_combine value 41310 ± 180 used for calibration

ETH-71316 0.0062 0.0002 40790 250 44630 44070 44900 43750

ETH-71317 0.0061 0.0002 40930 260 44760 44190 45050 43880 MAMS-28678 43,110 597
Not modelled - Failed X2 - also other dates: (MAMS-29487) 

42440 ± 380 and (MAMS-29488) 42240 ± 380

ETH-71318 0.0060 0.0002 41080 260 44880 44340 45170 44060

ETH-71319 0.0062 0.0002 40820 250 44660 44100 44930 43780 MAMS-28679 42,358 544
Not modelled - Failed X2  - also other dates: (MAMS-

29485) 41850 ± 350 and (MAMS-29486) 42170 ± 370

ETH-71320 0.0057 0.0002 41450 270 45180 44630 45460 44370

ETH-71321 0.0069 0.0002 40000 230 43870 43320 44170 43120 MAMS-29484 42020 380 Not modelled - Failed X2

ETH-71322 0.0061 0.0002 41020 260 44950 44480 45200 44260 MAMS-29483 41540 350 R_combine value 41220 ± 210 used for calibration

ETH-71323 0.0055 0.0002 41860 280 45570 45050 45830 44800 MAMS-28680 42270 550 R_combine value 41950 ± 250 used for calibration

ETH-71324 0.0056 0.0002 41720 280 45460 44950 45730 44690 MAMS-28681 42140 540 R_combine value 41820 ± 250 used for calibration

ETH-71325 0.0057 0.0002 41480 270 45200 44660 45480 44400

ETH-71326 0.0059 0.0002 41220 260 44990 44450 45270 44190 Not modelled - near backfill - context uncertain 

ETH-71327 0.0059 0.0002 41170 260 44950 44410 45230 44140

* 0.0055 0.0002 41850 280 45510 44950 45790 44680

ETH-71329 0.0055 0.0002 41730 280 45410 44860 45700 44580

ETH-71330 0.0052 0.0002 42270 300 45850 45270 46170 44990

ETH-71331 0.0059 0.0002 41200 260 44970 44440 45260 44170

no collagen
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R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 

sampled

Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Sample Info

Pepti

de 

mark

ers

Sample Size Quality checks

2663 2016 2017 CC7-2289 N1-I bone BK-505 9 Hominin - 89.6 3.8 4.2 42.7 15.9 3.1 collagen

2664 2016 2017 CC7-335 N1-I bone BK-602 9 0.87 0.66 Hominin - 109.7 13 11.9 42.7 16.0 3.1 collagen

2281 2017 2017 A7-528 N1-I long bone BK-1230 7 0.78 0.66 Ursidae Cut-marks 500.8 44.2 8.8 44.2 16.3 3.2 collagen

2282 2017 2017 A7-531 N1-I long bone BK-1231 8 0.78 0.65 Ursidae Cut-marks 431.4 47.8 11.1 46.1 16.9 3.2 collagen

2283 2017 2017 AA7-1488 N1-I long bone BK-1232 9 0.77 0.71 Bos/Bison Cut-marks 501.8 31.6 6.3 44.3 16.4 3.1 collagen

2284 2016 2017 AA7-1186 N1-I long bone BK-1241 7 0.78 0.66 Ursidae Cut-marks 517.0 72.1 13.9 46.4 17.1 3.2 collagen

2285 2016 2017 AA7-158 N1-I long bone BK-1233 9 0.76 0.73 Bos/Bison
Chisel + 

retoucher
410.4 25.9 6.3 44.5 16.5 3.1 collagen

2661 2016 2017  AA7-738 N1-I bone BK-459 9 0.83 0.71 Hominin - 81.4 10 12.3 44.0 16.4 3.1 collagen

2662 2016 2017 BB7-240 N1-I bone BK-473 8 0.77 0.6 Hominin - 80.2 7.2 9.0 44.4 16.5 3.1 collagen

2286 2017 2017 BB7-1164 N1-I bone BK-1242 9 0.77 0.74 Bos/Bison Cut-marks 477.1 59.3 12.4 47.2 17.4 3.2 collagen

2287 2016 2017 BB7-962 N1-I long bone BK-1234 9 0.79 0.75 Bos/Bison
Cut-marks + 

impact fracture 
514.0 45.1 8.8 46.1 17.0 3.2 collagen

2288 2017 2017 AA8-628 N1-I flat bone BK-1236 9 0.79 0.77 Bos/Bison Cut-marks 520.0 23 4.4 48.6 17.9 3.2 collagen

2289 2017 2017 AA8-1047 N1-I long bone BK-1235 8 0.82 0.73 Bos/Bison Cut-marks 537.5 58.3 10.8 46.2 17.1 3.2 collagen

2290 2017 2017 BB8-207 N1-I long bone BK-1237 8 0.8 0.63 Ursidae

Retoucher + 

cut-marks + 

large impact 

fracture

466.2 40.5 8.7 46.2 17.2 3.1 collagen

2291 2017 2017 BB8-674 N1-I long bone BK-1238 8 0.76 0.61 Ursidae Cut-marks 196.8 27.3 13.9 46.0 17.0 3.2 collagen

2292 2017 2017 CC8-401 N1-I long bone BK-1240 9 0.83 0.79 Bos/Bison - 610.5 71.3 11.7 46.9 17.3 3.2 collagen

2293 2017 2017 CC8-777 N1-I long bone BK-1239 8 0.78 0.55 Equidae Cut-marks 403.0 33.6 8.3 47.4 17.4 3.2 collagen

2294 2017 2017 CC8-442 N1-I long bone BK-1243 9 0.77 0.75 Bos/Bison Cut-marks 551.5 48.1 8.7 48.5 17.8 3.2 collagen

2295 2017 2017 A7-777 N1-I/J long bone BK-1244 9 0.84 0.82 Bos/Bison Cut-marks 491.5 39.8 8.1 45.9 16.9 3.2 collagen

2296 2017 2017 BB7-1309 N1-I/J
bone 

(scapula)
BK-1245 9 0.79 0.75 Capra sp. Cut-marks 545.2 53.5 9.8 45.6 16.9 3.1 collagen

2297 2017 2017 AA7-1419 N1-I/J long bone BK-1246 7 0.75 0.62 Equidae - 575.6 67.8 11.8 46.5 17.1 3.2 collagen
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R-EVA

Main 

Profile
2663

2664

2281

2282

2283

2284

2285

2661

2662

2286

2287

2288

2289

2290

2291

2292

2293

2294

2295

2296

2297

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)

ETH-86771 0.0064 0.0003 40600 420 44580 43720 44980 43340

ETH-86772 0.0051 0.0003 42450 510 46190 45250 46790 44830

ETH-86779 0.0078 0.0002 38940 240 43000 42620 43200 42440

ETH-86769 0.0071 0.0003 39750 380 43760 43050 44210 42810

ETH-86770 0.0055 0.0003 41850 480 45660 44800 46130 44400

ETH-86780 0.0063 0.0002 40760 290 44640 44010 44930 43660

ETH-86782 0.0071 0.0002 39710 260 43600 43080 43950 42890

ETH-86783 0.0066 0.0002 40340 280 44240 43600 44520 43320

ETH-86784 0.0056 0.0002 41660 320 45380 44770 45690 44480

ETH-86785 0.0073 0.0002 39570 260 43470 42990 43810 42790 not modelled - contact zone 

ETH-86786 0.0055 0.0002 41740 320 45450 44840 45760 44540 not modelled - contact zone 
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA
Excavati

on

Pretreat

ment
Sample ID Layer Material ZooMS ID P1105 P1706 Species Anth. Mod.

Bone 

sampled

Collagen 

yld

Collagen 

yld
%C %N C:N FTIR

year year (ZooMS) [mg] [mg] (%)

Sample Info

Pepti

de 

mark

ers

Sample Size Quality checks

2303 2017 2017 AA7-2126 N1-J upper bone BK-1251 9 0.78 0.62 Ursidae - 623.0 42.6 6.8 45.3 17.0 3.1 collagen

2304 2017 2017 AA7-2128 N1-J upper bone BK-1253 9 0.82 0.74 Cervid/Saiga - 520.6 57.2 11.0 44.9 16.9 3.1 collagen

2302 2017 2017 BB7-1453 N1-J mid long bone BK-1252 9 0.75 0.61 Ursidae Cut-marks 440.9 39.4 8.9 45.6 16.9 3.1 collagen

2298 2017 2017 CC7-2607 N1-J lower bone BK-1247 7 0.75 0.6 Equidae Cut-marks 446.7 54.6 12.2 46.6 17.1 3.2 collagen

2301 2017 2017 BB7-1471 N1-J lower long bone BK-1250 9 0.71 0.57 Ursidae - 494.9 69.7 14.1 46.4 17.1 3.2 collagen

2299 2017 2017 CC7-2670 N1-J lower long bone BK-1248 8 0.71 0.55 Ursidae
Cut-marks + 

impact fracture 
498.3 63 12.6 45.8 16.7 3.2 collagen

2300 2017 2017 CC7-2677 N1-J lower long bone BK-1249 9 0.66 0.59 Cervid/Saiga - 457.1 45 9.8 48.0 17.5 3.2 collagen

2305 2017 2017 CC7-2699 N1-J/K contact long bone BK-1256 7 0.66 0.46 Ursidae - 611.4 69.1 11.3 44.8 16.8 3.1 collagen

2306 2017 2017 CC7-2697 N1-J/K contact bone BK-1254 9 0.72 0.65 Capra sp. - 497.2 47.1 9.5 45.4 17.0 3.1 collagen

2307 2017 2017 CC7-2700 N1-J/K contact bone (rib) BK-1257 9 0.72 0.68 Capra sp. - 592.5 38.8 6.5 44.0 16.5 3.1 collagen

2308 2017 2017 CC7-2701 N1-J/K contact long bone BK-1255 9 0.72 0.53 Ursidae - 571.9 70.1 12.3 45.3 16.9 3.1 collagen

2309 2017 2017 CC7-2724 N1-K long bone BK-1262 9 0.67 0.6 Cervid/Saiga - 536.9 50.4 9.4 46.2 17.1 3.2 collagen

2310 2017 2017 CC7-2729 N1-K long bone BK-1260 9 0.68 0.59 Cervid/Saiga - 431.0 35.7 8.3 46.0 17.3 3.1 collagen

2311 2017 2017 CC7-2750 N1-K long bone BK-1261 9 0.68 0.61 Bos/Bison Cut-marks 474.2 29 6.1 44.8 16.8 3.1 collagen

2312 2017 2017 CC7-2738 N1-K bone BK-1258 9 0.64 0.63 Bos/Bison - 541.2 48.4 8.9 44.4 16.7 3.1 collagen

2313 2017 2017 CC7-2766 N1-K bone BK-1259 9 0.71 0.71 Bos/Bison - 500.6 54 10.8 45.9 17.2 3.1 collagen
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Supplementary Table 2. Sample information of all bones from Bacho Kiro Cave extracted in the radiocarbon study.

R-EVA

Main 

Profile
2303

2304

2302

2298

2301

2299

2300

2305

2306

2307

2308

2309

2310

2311

2312

2313

AMS lab 

number
F14C error 14C age 

1σ 

error

AMS lab 

number
14C age 1σ error Notes

years from to from to BP years

2σ (95.4%) (cal BP)1σ (68.2%) (cal BP)

MAMS 14C datesETH 14C dates Calibrated range (NO model)

ETH-93193 0.0070 0.0002 39890 280 43800 43210 44150 43000

ETH-93194 0.0049 0.0002 42670 370 46250 45530 46690 45200

ETH-86789 0.0048 0.0002 42900 370 46460 45700 46940 45380

ETH-86787 0.0037 0.0002 44890 450 48870 47630 49500 47080

ETH-93196 0.0036 0.0002 45120 490 49190 47900 49790 47330

ETH-86788 0.0011 0.0002 >51,000
Near backfill - context uncertain. Not modelled - beyond 

range

ETH-93195 0.0008 0.0002 >51,000 Not modelled - beyond range

ETH-93197 0.0009 0.0002 >51,000 Not modelled - beyond range

ETH-86790 0.00114 0.0002 >51,000 Not modelled - beyond range

ETH-86791 0.00034 0.0002 >51,000 Not modelled - beyond range

ETH-86792 0.00086 0.0002 >51,000 Not modelled - beyond range

ETH-86793 0.00063 0.0002 >51,000 Not modelled - beyond range

ETH-86794 0.00057 0.0002 >51,000 Not modelled - beyond range

ETH-86795 0.00041 0.0002 >51,000 Not modelled - beyond range

indet = indeterminable All radiocarbon dates are rounded to the nearest 10 years. 
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Supplementary Table 3. Comparison of outlier analysis and agreement index of three models from Bacho Kiro Cave

from to from to from to from to from to from to from to from to

End Layer A1 35180 26180 35240 22540 35170 26580 35250 22990

Layer A1

ETH-86796 (23130,60) 0.05 27520 27340 27610 27250 35100 27300 35300 27140 60 45 35110 27320 35260 27190 63 42

MAMS-27346 (31340,120) 0.05 35380 35010 35570 34860 35110 34800 35310 31960 21 51.7 35100 34830 35290 33680 14 58

ETH-86797 (34290,150) 0.05 38930 38570 39150 38420 35180 34080 35270 31220 100 5.6 35180 34460 35310 31710 100 5.5

Transition Layer A2/Layer A1 35140 34900 35290 34600 35140 34910 35280 34720

Layer A2

ETH-71296 (30950,80) 0.05 34960 34710 35070 34600 35160 34940 35290 34790 8 43.8 35170 34950 35290 34820 8 39

ETH-71295 (31310,80) 0.05 35320 35000 35490 34870 35200 35000 35310 34910 1 119 35200 35010 35310 34920 1 121

ETH-71294 (31410,80) 0.05 35430 35110 35590 34970 35210 35010 35330 34930 2 88 35210 35010 35330 34930 1 89

Transition Layer B/Layer A2 35280 35050 35430 34970 35280 35050 35440 34970

Layer B

ETH-71299 (30570,80) 0.05 34680 34400 34790 34250 36260 35160 37280 35050 100 5.6 36230 35190 37150 35040 100 5.5

ETH-71298 (31310,80) 0.05 35320 35000 35490 34870 35440 35160 35720 35000 6 84.1 35430 35160 35800 35000 7 84

ETH-86773/AIX-12025 (31660,140) (hominin) 0.05 35750 35340 35970 35140 35760 35360 35990 35190 3 106 35760 35360 35980 35190 2 106

ETH-71297 (32500,90) 0.05 36500 36230 36670 36110 36490 36230 36680 36080 3 104 36490 36230 36680 36080 3 104

ETH-71300 (32610,90) 0.05 36620 36320 36810 36210 36590 36300 36820 36170 3 104 36590 36300 36810 36170 3 105

Transition Layer C/Layer B 37630 36370 39000 36330 37570 36370 38980 36330

Layer C

ETH-71302 (34690,110) 0.05 39380 38960 39590 38800 39400 38960 39660 38750 4 101 39390 38970 39650 38760 3 101

ETH-71305 (35030,110) 0.05 39790 39390 39970 39180 39790 39370 40020 39130 4 102 39800 39380 40010 39130 3 102

ETH-71304 (36230,120) 0.05 41120 40700 41290 40470 41100 40650 41320 40370 4 99.8 41100 40650 41330 40360 4 100

ETH-71303/MAMS-29490 (41720,180) 0.05 45350 44900 45570 44690 41760 39880 42050 38120 100 5.5 41730 39810 42020 37820 100 5.5

Transition Layer D/Layer C 41970 41170 42200 40730 41960 41150 42200 40710

Layer D

ETH-86798 (37510,210) 0.05 42100 41750 42270 41560 42150 41790 42340 41590 3 102 42150 41780 42340 41590 2 102

Transition Layer E/Layer D 42930 42450 43010 42010 42930 42460 43020 42030

Layer E

ETH-71307/MAMS-29489 (36500,110) 1.00 41360 41010 41510 40790 43070 42680 43230 42260 100 5.6 43070 42690 43240 42290 100 5.6

ETH-71308 (38720,160) 0.05 42820 42520 42980 42380 42960 42660 43060 42490 2 87.4 42960 42670 43060 42490 2 87

ETH-71310 (39080,170) 0.05 43060 42730 43220 42580 43020 42780 43130 42640 1 118 43020 42780 43130 42640 1 118

Name (14C date, error)

O AO A

Calibrated ranges: NO MODEL (cal BP)

O

68.2% 95.4% 68.2% 95.4% 68.2% 95.4%

O A

Model 1 - Main Profile (cal BP) Model 2 - Niche 1 (cal BP) Model 3 - combined areas (cal BP)

68.2% 95.4%
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Supplementary Table 3. Comparison of outlier analysis and agreement index of three models from Bacho Kiro Cave

from to from to from to from to from to from to from to from to

Name (14C date, error)

O AO A

Calibrated ranges: NO MODEL (cal BP)

O

68.2% 95.4% 68.2% 95.4% 68.2% 95.4%

O A

Model 1 - Main Profile (cal BP) Model 2 - Niche 1 (cal BP) Model 3 - combined areas (cal BP)

68.2% 95.4%

ETH-71309 (39310,160) 0.05 43200 42880 43370 42720 43060 42830 43200 42710 1 106 43060 42830 43200 42710 1 107

ETH-71306/MAMS-28675 (39470,160) 0.05 43320 42980 43510 42810 43090 42850 43250 42740 3 83.3 43100 42850 43250 42740 2 84

Transition Layer F/Layer E 43210 42920 43410 42820 43210 42920 43410 42820

Layer F

ETH-86799 (39090,240) 0.05 43100 42710 43310 42530 43350 43020 43630 42900 8 53.1 43350 43020 43630 42890 8 53

ETH-86801 (39370,260) 0.05 43310 42860 43590 42660 43440 43070 43680 42950 2 91.6 43440 43070 43680 42950 2 92

ETH-71311 (40170,180) 0.05 44000 43490 44250 43290 43800 43400 44030 43240 2 104 43800 43400 44010 43240 2 104

ETH-71312/MAMS-28676 (40190,170) 0.05 44020 43520 44260 43320 43810 43410 44030 43260 2 102 43810 43410 44030 43260 2 102

ETH-86800 (40250,270) 0.05 44150 43520 44440 43260 43820 43370 44070 43210 2 101 43820 43370 44060 43210 2 101

Transition Layer G/Layer F 44120 43640 44350 43430 44090 42380 44310 41190 44100 43630 44340 43430

Layer G

ETH-86777 (40270,280) 1.00 44180 43530 44470 43270 44230 43140 44540 42220 100 101 44310 43830 44550 43610 100 101

ETH-86802 (40470,280) 1.00 44370 43720 44640 43410 44340 43870 44530 43640 100 102 44310 43830 44550 43610 100 101

ETH-86804 (40800,290) 1.00 44680 44040 44970 43690 44350 43880 44540 43640 100 102 44310 43830 44560 43620 100 101

ETH-71313 (40870,190) 1.00 44660 44190 44900 43930 44250 43170 44550 42280 100 100 44310 43830 44550 43620 100 100

ETH-86806 (41040,300) 1.00 44880 44270 45190 43930 44350 43880 44540 43640 100 101 44310 43840 44550 43620 100 101

Transition Layer I/Layer G 44540 44120 44700 43860 44400 43670 44690 43010 44510 44030 44770 43830

Layer I

ETH-86779 (38940,240) 0.05 43000 42620 43200 42440 45130 44070 45520 42990 94 8 44980 44370 45210 44080 100 5.5

ETH-86782 (39710,260) 0.05 43610 43080 43950 42880 44850 43680 45340 43340 44 23 44920 44190 45160 43930 72 6

ETH-86769 (39750,380) (hominin) 0.05 43760 43050 44210 42810 44590 43790 45210 43380 20 35 44770 44160 45070 43950 33 12

ETH-86783 (40340,280) 0.05 44240 43600 44520 43320 44550 43940 44940 43600 7 79 44680 44180 44940 43990 10 49

ETH-86771 (40600,420) (hominin) 0.05 44580 43720 44980 43340 44770 44080 45130 43730 3 100 44840 44310 45050 44060 3 90

ETH-86807 (40710,290) 0.05 44600 43950 44890 43600 44660 44310 44820 44100 2 109 44780 44300 44980 44080 3 94

ETH-86809 (40750,290) 0.05 44630 43990 44930 43640 44670 44320 44830 44110 2 115 44790 44320 44990 44090 2 98

ETH-86780 (40760,290) 0.05 44640 44000 44940 43650 44730 44160 45030 43870 2 104 44800 44330 44990 44090 2 99

ETH-71316 (40790,250) 0.05 44640 44070 44910 43750 44710 44190 44990 43910 2 104 44770 44320 44970 44110 2 100

ETH-86810 (40920,300) 0.05 44790 44150 45100 43810 44690 44340 44850 44150 1 129 44860 44390 45060 44150 2 111

ETH-71318 (41080,260) 0.05 44880 44330 45170 44050 44900 44380 45170 44120 2 106 44890 44450 45090 44240 1 114

ETH-71327 (41170,260) 0.05 44950 44410 45240 44140 44960 44440 45230 44200 2 106 44930 44500 45120 44290 1 115
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Supplementary Table 3. Comparison of outlier analysis and agreement index of three models from Bacho Kiro Cave

from to from to from to from to from to from to from to from to

Name (14C date, error)

O AO A

Calibrated ranges: NO MODEL (cal BP)

O

68.2% 95.4% 68.2% 95.4% 68.2% 95.4%

O A

Model 1 - Main Profile (cal BP) Model 2 - Niche 1 (cal BP) Model 3 - combined areas (cal BP)

68.2% 95.4%

ETH-71331 (41200,260) 0.05 44980 44430 45260 44170 44980 44460 45240 44220 2 106 44940 44510 45130 44300 1 116

ETH-71322/MAMS-29483 (41220,210) 0.05 44960 44480 45210 44260 44960 44500 45200 44280 2 105 44940 44530 45120 44340 1 113

ETH-71315/MAMS-28677 (41310,180) 0.05 45010 44570 45230 44360 45010 44580 45230 44370 2 105 44970 44590 45140 44410 1 113

ETH-86808 (41350,310) 0.05 45130 44520 45450 44230 44730 44400 44910 44230 2 96.6 45020 44580 45200 44350 1 119

ETH-71320 (41450,270) 0.05 45180 44630 45460 44370 45160 44640 45390 44390 2 108 45050 44640 45220 44420 1 116

ETH-71325 (41480,270) 0.05 45210 44650 45490 44390 45180 44670 45400 44410 2 108 45060 44650 45230 44430 1 116

ETH-86784 (41660,320) 0.05 45390 44770 45700 44470 45290 44770 45500 44480 2 111 45110 44700 45270 44480 2 108

ETH-71329 (41730,280) 0.05 45420 44850 45700 44580 45320 44840 45520 44570 2 110 45130 44740 45290 44540 2 101

ETH-71314 (41770,210) 0.05 45400 44920 45640 44700 45320 44900 45510 44670 2 109 45140 44790 45290 44620 2 94

ETH-71324/MAMS-28681 (41820,250) 0.05 45470 44940 45730 44690 45350 44910 45550 44660 2 109 45150 44790 45310 44600 3 89

ETH-86770 (41850,480) (hominin) 0.05 45660 44800 46130 44400 45370 44780 45590 44420 2 113 45130 44680 45290 44420 3 99

ETH-71328 (41850,280) 0.05 45510 44950 45790 44670 45370 44910 45560 44640 2 109 45150 44780 45310 44580 3 87

ETH-71323/MAMS-28680 (41950,250) 0.05 45570 45040 45830 44800 45390 44980 45590 44730 3 106 45170 44820 45330 44630 4 71

ETH-71330 (42270,300) 0.05 45860 45260 46180 44980 45470 45050 45700 44780 5 82 45210 44850 45380 44590 13 33

ETH-86772 (42450,510) (hominin) 0.05 46190 45250 46790 44830 45480 44970 45700 44610 5 76 45180 44780 45350 44520 9 37

Transition Layer J/Layer I 44890 44530 45060 44370 45630 45260 45850 45090 45320 45010 45440 44830

Layer J

ETH-93193 (39890,280) 0.05 43800 43200 44160 43000 46760 45360 48280 45190 100 5.3 45770 45090 47290 44890 100 5.3

ETH-86819 (41230,310) 0.05 45040 44420 45360 44120 45060 44700 45260 44540 2 114 45460 45100 45900 44820 12 34

ETH-86820 (41540,320) 0.05 45290 44670 45600 44380 45110 44730 45340 44580 1 124 45490 45130 45760 44930 4 78

ETH-86821 (41630,320) 0.05 45360 44740 45670 44450 45130 44740 45370 44590 2 119 45500 45150 45770 44950 4 91

ETH-86822 (41670,320) 0.05 45400 44770 45710 44480 45130 44750 45380 44590 2 116 45510 45150 45780 44960 3 96

ETH-93194 (42670,370) 0.05 46250 45520 46700 45190 46260 45610 46760 45380 3 107 45930 45240 46500 45110 3 89

ETH-86789 (42900,370) 0.05 46460 45700 46950 45370 46460 45730 46990 45460 3 105 46080 45240 46710 45130 5 75

ETH-86787 (44890,450) 0.05 48880 47630 49500 47080 48530 47330 49240 46670 6 96 48040 45120 48670 45030 57 41

ETH-93196 (45120,490) 0.05 49190 47890 49790 47330 48680 47400 49500 46700 7 89 48130 45120 48790 45030 59 34

Start Layer J 45390 44850 45890 44660 49530 47790 51360 47030 48600 45210 49360 45140

O - Posterior outlier probability 

A - Individual Agreement indices
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Supplementary Table 4. Comparison of model output for Bacho Kiro Cave chronology (outliers excluded)

Name

from to from to from to from to A from to from to A from to from to A

End Layer A2 35070 34730 35190 34340 35070 34690 35170 34190
Layer A2

ETH-71296 (30950,80) 34960 34710 35070 34600 35090 34850 35180 34710 74.5 35080 34830 35170 34700 78.6

ETH-71295 (31310,80) 35320 35000 35490 34870 35180 34970 35290 34870 105.9 35180 34970 35290 34870 105.2

ETH-71294 (31410,80) 35430 35110 35590 34970 35200 34990 35320 34900 78.1 35210 34990 35330 34890 78.4

Transition Layer B/Layer A2 35300 35060 35430 34960 35310 35060 35440 34970

Layer B

ETH-71298 (31310,80) 35320 35000 35490 34870 35440 35180 35570 35070 81.9 35450 35180 35570 35080 80.7
ETH-86773/AIX-12025 (31660,140) 

(hominin) 35750 35340 35970 35140 35750 35360 35960 35210 104.1 35750 35370 35960 35210 104.2

ETH-71297 (32500,90) 36500 36230 36670 36110 36490 36230 36650 36110 101.6 36490 36230 36650 36110 101.7

ETH-71300 (32610,90) 36620 36320 36810 36210 36590 36310 36770 36200 102.2 36590 36310 36770 36200 102.2

Transition Layer C/Layer B 37650 36380 38990 36340 37650 36380 39000 36340

Layer C

ETH-71302 (34690,110) 39380 38960 39590 38800 39390 38970 39600 38800 99.8 39390 38970 39600 38800 99.8

ETH-71305 (35030,110) 39790 39390 39970 39180 39790 39380 39970 39180 100 39790 39380 39970 39180 100

ETH-71304 (36230,120) 41120 40700 41290 40470 41080 40650 41250 40430 98.3 41080 40650 41250 40430 98.3

Transition Layer D/Layer C 41840 41040 42100 40710 41840 41040 42100 40700

Layer D

ETH-86798 (37510,210) 42100 41750 42270 41560 42130 41780 42300 41600 100.1 42130 41780 42300 41600 100

Transition Layer E/Layer D 42940 42540 43030 42120 42940 42550 43020 42130

Layer E

ETH-71308 (38720,160) 42820 42520 42980 42380 42970 42700 43050 42520 80.4 42970 42700 43050 42530 79.9

ETH-71310 (39080,170) 43060 42730 43220 42580 43010 42790 43120 42660 115.9 43010 42790 43110 42660 116.6

ETH-71309 (39310,160) 43200 42880 43370 42720 43050 42830 43170 42720 102 43040 42830 43160 42720 101.1

ETH-71306/MAMS-28675 (39470,160) 43320 42980 43510 42810 43070 42850 43200 42750 76 43060 42840 43180 42750 73.8

Transition Layer F/Layer E 43170 42920 43330 42820 43150 42910 43300 42820

Layer F

ETH-86799 (39090,240) 43100 42710 43310 42530 43310 43010 43510 42900 59 43290 43010 43490 42900 61.5

ETH-86801 (39370,260) 43310 42860 43590 42660 43410 43050 43670 42930 93.5 43400 43040 43670 42930 94.9

ETH-71311 (40170,180) 44000 43490 44250 43290 43900 43450 44120 43280 104.2 43960 43490 44170 43300 104.2

ETH-71312/MAMS-28676 (40190,170) 44020 43520 44260 43320 43910 43470 44130 43300 103.6 43980 43520 44170 43330 104.2

ETH-86800 (40250,270) 44150 43520 44440 43260 43950 43440 44200 43250 104.4 44050 43510 44240 43270 106.9

Model 1 - Main profile Model 2 - Niche-1 Model 3 - combined

Unmodelled (BP) Modelled (BP) Modelled (BP) Modelled (BP) Amodel 

33.268.2 95.4 68.2 95.4 68.2 95.4 68.2 95.4

Amodel 

83.7

Amodel 

78.9
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Supplementary Table 4. Comparison of model output for Bacho Kiro Cave chronology (outliers excluded)

Name

from to from to from to from to A from to from to A from to from to A

Model 1 - Main profile Model 2 - Niche-1 Model 3 - combined

Unmodelled (BP) Modelled (BP) Modelled (BP) Modelled (BP) Amodel 

33.268.2 95.4 68.2 95.4 68.2 95.4 68.2 95.4

Amodel 

83.7

Amodel 

78.9

Transition Layer I/Layer F 44350 43850 44560 43600 44390 43940 44580 43650 44390 44030 44570 43830

Layer I

ETH-86769 (39750,380) (hominin) 43760 43050 44210 42810 44540 44070 44800 43800 19.6 44540 44130 44800 43950 13.8

ETH-86783 (40340,280) 44240 43600 44520 43320 44560 44110 44790 43860 66.5 44560 44170 44800 43990 57.8

ETH-86771 (40600,420) (hominin) 44580 43720 44980 43340 44750 44170 45100 43930 96.2 44750 44240 45030 44050 94.9

ETH-86807 (40710,290) 44600 43950 44890 43600 44600 44180 44780 43950 114.1 44690 44240 44940 44060 101.1

ETH-86809 (40750,290) 44630 43990 44930 43640 44610 44200 44790 43960 116.3 44710 44260 44960 44080 103.8

ETH-86780 (40760,290) 44640 44000 44940 43650 44710 44220 44990 43990 104.2 44710 44260 44960 44080 104.4

ETH-71316 (40790,250) 44640 44070 44910 43750 44690 44240 44950 44020 104.7 44700 44270 44930 44090 105

ETH-86810 (40920,300) 44790 44150 45100 43810 44650 44250 44830 44020 120 44800 44320 45040 44140 110.5

ETH-71318 (41080,260) 44880 44330 45170 44050 44880 44390 45150 44180 105.1 44870 44410 45080 44220 109.4

ETH-71327 (41170,260) 44950 44410 45240 44140 44940 44440 45210 44230 104.2 44920 44460 45110 44270 109.5
ETH-71331 (41200,260) 44980 44430 45260 44170 44970 44460 45220 44250 104 44940 44480 45120 44280 109.6

ETH-71322/MAMS-29483 (41220,210) 44960 44480 45210 44260 44950 44490 45180 44300 102.5 44930 44510 45110 44320 107.1

ETH-71315/MAMS-28677 (41310,180) 45010 44570 45230 44360 45010 44570 45210 44380 101.6 44980 44590 45130 44400 106.7

ETH-86808 (41350,310) 45130 44520 45450 44230 44740 44360 44920 44170 88.5 45020 44560 45180 44330 112.8
ETH-71320 (41450,270) 45180 44630 45460 44370 45160 44640 45380 44400 104.3 45060 44640 45200 44410 111

ETH-71325 (41480,270) 45210 44650 45490 44390 45170 44660 45390 44420 104.5 45070 44660 45200 44430 110.8

ETH-86784 (41660,320) 45390 44770 45700 44470 45300 44780 45490 44490 107.6 45120 44720 45240 44470 104.8

ETH-71329 (41730,280) 45420 44850 45700 44580 45320 44850 45510 44580 107 45130 44770 45250 44550 98.8

ETH-71314 (41770,210) 45400 44920 45640 44700 45330 44920 45500 44690 106 45140 44830 45260 44640 93

ETH-71324/MAMS-28681 (41820,250) 45470 44940 45730 44690 45350 44920 45530 44680 106.6 45150 44820 45260 44620 88.2

ETH-86770 (41850,480) (hominin) 45660 44800 46130 44400 45380 44790 45570 44440 110.2 45130 44700 45250 44410 94.7

ETH-71328 (41850,280) 45510 44950 45790 44670 45360 44920 45550 44660 106.8 45150 44820 45270 44600 85.8

ETH-71323/MAMS-28680 (41950,250) 45570 45040 45830 44800 45390 44990 45570 44760 104.2 45160 44860 45280 44670 70.3

ETH-71330 (42270,300) 45860 45260 46180 44980 45460 45070 45650 44860 82.3 45180 44900 45290 44720 31.2

ETH-86772 (42450,510) (hominin) 46190 45250 46790 44830 45470 45000 45670 44680 76 45180 44830 45300 44580 35.9

Transition Layer J/Layer I 44920 44560 45090 44380 45620 45280 45830 45130 45260 45040 45370 44920

Layer J

ETH-86819 (41230,310) 45040 44420 45360 44120 45060 44710 45240 44550 111 45420 45120 45630 44990 32.5

ETH-86820 (41540,320) 45290 44670 45600 44380 45090 44730 45300 44570 120.8 45490 45140 45740 45010 73.6
ETH-86821 (41630,320) 45360 44740 45670 44450 45100 44740 45320 44580 115.1 45510 45140 45780 45020 84.8
ETH-86822 (41670,320) 45400 44770 45710 44480 45110 44740 45330 44580 111.5 45520 45150 45800 45020 89.3

ETH-93194 (42670,370) 46250 45520 46700 45190 46250 45610 46690 45390 105.3 46250 45530 46660 45240 101.4

ETH-86789 (42900,370) 46460 45700 46950 45370 46450 45730 46930 45480 103.1 46450 45690 46930 45390 100.5

ETH-86787 (44890,450) 48880 47630 49500 47080 48610 47450 49200 46930 100 48170 47100 48730 46670 81.3
ETH-93196 (45120,490) 49190 47890 49790 47330 48780 47560 49410 47020 95.1 48230 47130 48870 46690 67.6

Start Layer J 45300 44840 45690 44660 49980 47930 52280 47280 48750 47410 49620 46940
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Chapter six  
Conclusion 
 

Project 1  

Testing the suitability of the MICADAS gas ion source for dating 

Palaeolithic collagen  

We established a collaboration with Professor Edouard Bard and his team at CEREGE, Aix-

Marseilles University, to test the accuracy, reproducibility and precision of the gas ion source of 

the AixMICADAS (Bard et al., 2015) to 14C date small archaeological bone collagen samples. The 

pilot study in Chapter 2 represented the first use of a MICADAS gas ion source for dating 

archaeological bone collagen and for dating samples of Pleistocene age (Fewlass et al., 2017). 

The preliminary study was carried out on large collagen samples split into multiple aliquots. This 

was done to rule out any variation arising through pretreatment so we could focus the test on 

the instrumental accuracy, precision and reproducibility. We used three techniques of producing 

CO2 from bone collagen to see what effect these had on the measurements. We determined that 

the optimal method of CO2 production was the EA and zeolite trap directly coupled to the gas ion 

source (Wacker et al., 2013). The method is fast and automated, and the results indicated that 

the zeolite trap did not contribute to the instrumental background at the sample size measured. 

Measurements of 14C from the gas ion source were statistically indistinguishable from 

measurements made with graphite targets. The first results demonstrated that the gas ion source 

system could produce accurate, reproducible results for sample sizes <100 µg C back to 35,000 
14C BP (Fewlass et al., 2017). 

Building on the successful preliminary tests of the gas ion source, further measurements were 

carried out on small collagen aliquots (<100 µg C) extracted from small pieces (40 – 80 mg) of 

bone at varying levels of collagen preservation (Chapter 3; Fewlass et al., 2019b). This was to test 

the gas ion source for a wider range of samples (age, collagen preservation), explore the effect 

of sample size reduction in the gas interface system and determine if the extraction of small bone 

aliquots produced accurate and consistent results. 

 

In the expanded study, we reduced the C sample size to determine the effect on the background 

level of the EA-GIS-AMS system. We compared measurements of 30 µg C to 90 µg C measured 

over the duration of multiple titanium targets. At both 30 µg C and 90 µg C, the bone collagen 
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background 14C measurements were equivalent to the instrument background level of equal size 

demonstrating that no significant carbon contamination resulted from the pretreatment. As 

expected, we saw a systematic effect on the background level with reduction in sample size, likely 

arising from the carbon contribution of the silver cups used to introduce the collagen into the EA. 

This can be accounted for by measuring background collagen samples of equal size to the 

unknown samples and using these measurements in the age correction. We observed a 

significant improvement in the instrumental background level of the EA-GIS-AMS system in the 

second study (0.4 pMC) compared to the pilot study (0.65 pMC) (see Table 6 in Chapter 2 

compared to Supplementary Dataset S3 in Chapter 3). Following the pilot study, a leaking 

capillary in the gas interface system was identified and fixed, which improved the instrumental 

background level. The results reported in chapter 3 demonstrate that the limit of the gas ion 

source for dating samples is approximately 45,000 BP with any measurements older than this 

being infinite.  

 

Although the precision achieved with the gas ion source is lower than graphite targets due to the 

lower ion currents, the level of precision now achievable with the MICADAS gas ion source is 

nevertheless useful for addressing archaeological questions, particularly for the Palaeolithic. For 

example, for mammoth collagen extract R-EVA 123.53, compare graphite date Aix-12003.1.1: 

34390 ± 240 14C BP (988 µg C) with CO2 date Aix-12003.10.4: 34550 ± 710 14C BP (98 µg C), 

measured from ten times less carbon (Fewlass et al., 2017; Fewlass et al., 2019b). In fact, the 

error ranges achieved with the gas ion source in these studies is similar to error ranges that have 

been quoted for graphite dates in the same time range over the past two decades (e.g. Trinkaus 

et al., 2003; Higham et al., 2011; Pleurdeau et al., 2016), although we are now moving towards 

unprecedented levels of precision from graphitised samples (see Chapter 4; Fewlass et al., in 

review).  

 

The research described in chapters 2 and 3 clearly demonstrates the high level of accuracy and 

reproducibility of 14C measurements with the gas ion source and the moderate level of precision 

which can be achieved. The results demonstrate the suitability of the gas ion source of the Aix-

MICADAS for dating archaeological collagen in situations where sample material is limited (e.g. 

collagen yield of 1-3 mg).       

 

169



Project 2 

Pretreatment of <100 mg bone samples  

The work detailed in Chapter 3 was undertaken in the labs at the MPI-EVA to optimize our 

standard collagen extraction protocol for <100 mg bone material (Fewlass et al., 2019b). 

Consistent yields of high quality collagen were obtained with the reduction of bone material from 

500 mg to 100 mg to <50 mg. We confirmed previous observations that pretreatment of whole 

pieces of bone results in higher yields of collagen compared to pretreatment of powdered bone. 

This may imply that collagen is damaged by heat during the drilling of bone powder and/or is 

increasingly solubilised or lost during the various steps of pretreatment. The most significant 

alteration to our standard protocol for ~500 mg bone is a reduced duration of the gelatinisation 

step. Regular monitoring and removal of <100 mg samples from the heater block as soon as 

gelatinsation occurred resulted in higher collagen yields compared to leaving samples for 20 

hours as per standard practice. This modification is more labour-intensive than the standard 

protocol, necessitating smaller numbers of samples to be prepared in tandem. However, the 

reduction in sample size and modifications to the pretreatment protocol means that collagen 

extraction and filtration of <100 mg bone can be completed in ~1 week compared to the ~2-4 

weeks generally required for well preserved samples of ~500 mg bone.  

Notably, the 14C measurements of collagen extracts from 40-100 mg ‘background’ bone samples 

(>50,000 BP) indicate that no significant C contamination was introduced in the lab during 

pretreatment. This implies that the cleaning steps we routinely use for the ultrafilters sufficiently 

removed the humectant coating on the filter and no exogenous carbon was introduced to the 

>30 kDa gelatin fractions. Due to the high sensitivity of small samples to contamination, we 

pretreat three aliquots of the background bone (>50,000 BP) of varying sizes <100 mg alongside 

<100 mg samples (in order to achieve approximately the same amount of collagen as the 

samples) and measure them in the same batch to monitor lab based contamination.  

The dates obtained from the small bone extracts were accurate and reproducible across the 

range of the 14C timescale at various levels of collagen preservation. The dating results 

demonstrate that <100 mg bone samples can be successfully and consistently pretreated without 

introducing additional modern carbon contamination during lab work and handling, which is a 

key concern in the reduction of sample size. 
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Project 3 

Pretreatment and dating of human remains from Dolní Věstonice II 

and Pavlov I, Czech Republic 

The methods established during projects 1 and 2 were applied to small fragments of human bone 

from Dolní Věstonice II and Pavlov I, Czech Republic (Fewlass et al., 2019a). Extensive analysis of 

the human skeletal material from these sites has yielded fascinating insights into the morphology 

and behaviour of Gravettian populations. Human bones representing both ritual human burials 

and disarticulated remains were sampled for aDNA analysis in 2013, contributing a large amount 

of genetic information to the study of ancient European Homo sapiens populations (Fu et al., 

2016).  

 

Following their excavation in the 1950s and 1980s, the human remains were not directly dated 

in order to preserve the material from destructive analysis. However, small amounts of bone 

material were left over from seven individuals following the aDNA analysis in 2013. Very small 

aliquots of bone (37-203 mg) were sampled and pretreated using the methods described in 

chapter 3. Elemental and stable isotopic analysis indicated that samples were well preserved and 

analysis with FTIR did not show any sign of external contaminants, indicating that the extracts 

were suitable for 14C dating. The collagen yields were sufficiently high for the ages to be cross-

checked with both the gas ion source of the AixMICADAS and with solid graphite targets. The 

results confirm the Gravettian origin of the human bones and are in keeping with their 

archaeological context and previous ages obtained from the site. The replicate measurements 

are in agreement with each other and in some cases with dates on associated charcoals, lending 

confidence to their reliability. It appears that some charcoal samples from the site radiocarbon 

dated in the 1980s were affected by contamination, leading to underestimation of their ages. 

The study serves as further evidence of the suitability of the gas ion source for producing accurate 

results from small amounts of bone. The direct dates from the human remains will allow a more 

nuanced discussion of the occupation of these sites and, within a wider context, the chronology 

of occupation of the Middle Danube region during the Gravettian.   
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Project 4 

Pretreatment and dating of small bone fragments from Bacho Kiro 

Cave, Bulgaria 

A comprehensive program of radiocarbon dating was undertaken to establish a new, reliable site 

chronology for Bacho Kiro Cave, Bulgaria (Fewlass et al., in review). The latest methods and 

instrumentation in 14C dating were applied to a large, high quality dataset of newly excavated 

material to produce a robust, reliable site chronology at exceptional levels of accuracy and 

precision. Ninety-five new AMS dates set the range of occupation at the site from >51,000 BP to 

~35,000 cal BP, spanning the Middle to Upper Palaeolithic transition. The Initial Upper 

Palaeolithic (IUP) assemblage is now securely dated from 46,930-43,830 cal BP (95% probability).  

 

The pretreatment methods established during the course of this research (chapter 3) were 

applied to six fragments of human bone excavated from Bacho Kiro Cave in 2016, four from the 

IUP layers and two from the Upper Palaeolithic layers. The bone fragments, identified through 

ZooMS screening, were characteristically small, leaving limited material available for direct 

radiocarbon dating and further molecular analysis (aDNA, palaeoproteomics). Small aliquots of 

the human bones (80-110 mg) were pretreated and the resulting high quality collagen extracts 

were dated, along with the fauna from the site, at exceptionally high precision with graphite 

targets at ETH Zurich in collaboration with Dr Lukas Wacker. The two human collagen extracts 

from the Upper Palaeolithic layers were dated with the gas ion source of the AixMICADAS to 

corroborate the graphite dates and further confirm the reliability of the CO2 method, producing 

ages of 35,960 - 35,150 cal BP at 95% probability (F6-597; 31,660 ± 140 14C BP) and 34,810 - 

34,210 cal BP at 95% probability (BK-1653; 30,570 ± 120 14C BP) (Fig. 4; Chapter 5).  

 

The direct radiocarbon dates demonstrate that the four bone fragments from the IUP layer are 

the earliest remains of Upper Palaeolithic Homo sapiens known in Europe, dating between 46,790 

-  42,810 cal BP (95% probability) in full agreement with the other dates from the IUP assemblage. 

Their secure association with a high density of IUP artefacts and the new robust site chronology 

make Bacho Kiro Cave crucial in the discussion of the early occupation of Europe by Homo sapiens 

in the Upper Palaeolithic (Hublin et al., in review).    
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NIR spectroscopy: a non-destructive pre-screening method for 

collagen preservation 

We recently collaborated with Professor Matt Sponheimer (University of Colorado, Boulder) on 

a pilot study establishing a non-destructive method of assessing collagen preservation in bone 

using near infra-red (NIR) spectroscopy (Sponheimer et al., In press). This technique enables 

entirely non-destructive and fast pre-screening of bone to ascertain if sufficient collagen is 

preserved for radiocarbon dating. The proof-of-concept study demonstrates a high level of 

agreement between predicted and actual collagen yields following extraction with an error of 

prediction of ± 2%, which likely reflects the inter-lab reproducibility of replicate collagen 

extractions from a single bone (~1.7%). The NIR instrument is ruggedized and small enough to 

take as hand luggage during travel so the analysis can take place onsite at excavations or 

museums, circumnavigating the complex issue of exporting precious material or removing them 

from the safety of museums. This method was successfully utilized for the human burial remains 

from Dolní Věstonice II and Pavlov I, described in chapter 4. In future, this innovation will allow 

us to selectively sample bone where chances of successful collagen extraction are high and has 

profound implications for minimising destruction to precious bone artefacts.  
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Archaeological implications 

 

We can successfully and reproducibly pretreat <100 mg Palaeolithic bone material for 

radiocarbon dating. When collagen extraction produces suitably high yields (>3mg), 14C dates at 

very high precision can be achieved with graphite targets using the MICADAS AMS. When the 

extraction of extremely small amounts of bone material or low levels of preservation yield 1-3 

mg collagen, the gas ion source of the MICADAS offers an accurate and reproducible method of 
14C measurement, but the quality of each sample should be carefully assessed before 

measurement on a case by case basis.  

Using much smaller amounts of bone for radiocarbon dating (Fig. 1) greatly increases the 

possibilities for directly dating precious artefacts. The research described in this thesis 

contributes 13 more directly dated individuals to the collection of reliably dated Upper 

Palaeolithic Homo sapiens, including the earliest remains yet identified, in Europe (Fig. 2). By 

minimising sample destruction, these methodologies have great potential for further 

applications to small or precious bone artefacts with a high patrimonial value to address 

significant archaeological questions.  

 

 

 

 

Figure 1. Comparison of the amount of Palaeolithic bone material pretreated with our standard protocol (left) and 
with the method detailed in Chapter 3 that can be used to radiocarbon date small or precious bone samples (right). 

Scale bar is 1 cm. 
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The Middle to Upper Palaeolithic Transition 

The makers of the so-called ‘Transitional’ industries present in sites straddling the Middle-to-

Upper Palaeolithic transition across Eurasia is a topic of much discussion (D'Errico et al., 1998; 

Churchill and Smith, 2000; Mellars, 2005; e.g. Hublin, 2013; Hublin, 2015). These industries are 

stratigraphically sandwiched between underlying Middle Palaeolithic assemblages, produced by 

Neanderthals, and overlying Upper Palaeolithic assemblages, made by Homo sapiens. One such 

industry, the Châtelperronian, known in western and south-western France and north-eastern 

Spain, consists of blades, pigments, bone tools and personal ornaments. Whilst the 

Châtelperronian has an Upper Palaeolithic character, it shows similarities with the Mousterian of 

Acheuleun Tradition type B (see Soressi and Roussel, 2014) and is associated with Neanderthal 

remains at several sites (Lévêque and Vandermeersch, 1980; Hublin et al., 1996; Bailey and 

Hublin, 2006; Welker et al., 2016).  

The Châtelperronian layers at Grotte-du-Renne at Arcy sure Cure are notable for the presence of 

numerous Neanderthal teeth and other fragmented bones alongside a significant number of 

decorated bone tools, personal body ornaments and large amounts of pigment. However, it has 

been suggested that the association is the result of vertical mixing between layers. Bar-Yosef and 

Bordes (2010) suggested that the association is the result of re-working of Neanderthal fossils 

from the underlying Mousterian layers, whereas Higham et al. (2010) interpreted an inconsistent 

series of radiocarbon dates from the site as evidence of Upper Palaeolithic artefacts moving 

downwards through the stratigraphy. This was subsequently challenged based on the 

stratigraphic integrity of the lithic assemblages at the site and the inconsistent 14C results were 

attributed to poor collagen preservation and incomplete sample decontamination (Caron et al., 

2011). A more recent series of dates on un-consolidated samples selected for good collagen 

preservation produced stratigraphically consistent results, supporting the association of the 

Neanderthal fossils and Châtelperronian assemblages at Grotte du Renne (Hublin et al., 2012). A 

palaeoproteomic study in 2016 identified 28 additional Neanderthal bone fragments from the 

Châtelperronian layers at Grotte du Renne, and direct 14C dating of one such specimen (Fig. 2) 

firmly placed it within the Chatelperronian age range (Welker et al., 2016). Direct dates from 

small amounts of material from the Châtelperronian ornaments could resolve the question of the 

contemporaneity of the personal ornaments with the Neanderthal remains.   

A fragmented maxilla and three teeth (re-fitted post-excavation) were excavated from Kent’s 

Cavern, UK, in 1927 and since their discovery have been identified as Upper Palaeolithic Homo 

sapiens (Keith, 1927). In the 1980s, the maxilla (KC4) was directly AMS radiocarbon dated to 

30,900 ± 900 14C BP (OxA-1621; 37,430-33,410 cal BP at 2σ), which supported its Upper 

Palaeolithic assignment and, at the time, made it the oldest hominin to have been directly dated 

by 14C methods (Hedges et al., 1989). It has since been argued that the direct date of KC4 was an 
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under-estimate of its true age due to incomplete removal of conservatives during sample 

pretreatment (Jacobi et al., 2006; Higham et al., 2011). In 2011, a second attempt to obtain a 

direct date using ultrafiltration failed when a small sample of tooth root yielded very little 

collagen (89 mg dentine powder resulted in 0.38 mg collagen [0.4% weight]) (Higham et al., 

2011). As a second direct date was not possible, Higham et al. (2011) used Bayesian techniques 

to estimate an age for KC4 of 44,180-41,530 cal BP (2σ) based on dates from ultrafiltered collagen 

from fauna located above and below the maxilla. The validity of this strategy has been strongly 

questioned based on the lack of reliable contextual information from the 1920s excavation and 

it has been suggested that the original direct date is more in keeping with the archaeological 

evidence (White and Pettitt, 2012; Zilhão, 2013). White and Pettitt (2012) stated that 

“Radiocarbon dating of unmodified fauna from sites with questionable stratigraphies should not 

be used to suggest the apparent age of human taxa. […] Without a new direct ultrafiltration date, 

[…] the age of KC4 will […] never be conclusively resolved.” The authors have defended their 

techniques and, after incorporating further AMS dates of associated fauna into their model, have 

provided an even more precise estimate for the age of KC4 from 42,350-40,760 cal BP, although 

they acknowledgement that the new AMS dates indicate some post-depositional mixing between 

layers likely occurred (Proctor et al., 2017). They conclude that estimate can only be tested by 

direct dating of the maxilla, which “…will not be possible until further technical developments for 

dating very small samples are more routinely available” (Proctor et al., 2017). 

As KC4 is the only Homo sapiens fossil from north-western Europe ≥ 35,000 cal BP its age is crucial 

in determining the duration and range of overlap between Homo sapiens and Neanderthals in 

this region. The original date for KC4 demonstrates that some collagen is preserved in the maxilla, 

although details on the chemistry are not provided in the 1989 datelist (Hedges et al., 1989). The 

results described in Chapter 3 (Fewlass et al., 2019b) demonstrate that in general much lower 

yields of collagen result from the pretreatment of small amounts of powdered bone compared 

to whole bone, which likely contributed to the failure of pretreatment outlined in Higham et al 

(2011). A re-dating program for KC4 could employ NIR pre-screening to assess the level of 

collagen preservation across the maxilla. The sampling of a tooth root, as attempted by Higham 

et al. 2011, may somewhat circumnavigate the issue of conservatives and would be less visually 

invasive. As the fragmented maxilla was found separately from the three teeth, the direct dating 

of the KC4 bone or tooth should be conducted on the same sample where any possible future 

DNA sampling would occur. An ultrafiltered collagen extract from <100 mg bone/dentine could 

provide an accurate radiocarbon date, either through AMS dating with a graphite target or with 

the gas ion source of the MICADAS. A reliable direct date would resolve the on-going controversy 

over the early presence of Homo sapiens in north-western Europe.  

Prior to the discovery of Homo sapiens remains in the IUP layers at Bacho Kiro Cave (Fewlass et 

al., in review; Hublin et al., in review), the oldest known remains of our species in Europe was the 

176



Pestera cu Oase 1 mandible recovered from a cave in Romania in 2002. Morphological analysis 

identified the mandible as Homo sapiens with some archaic features indicative of admixture with 

Neanderthals (Trinkaus et al., 2003). aDNA analysis later showed that 6-9% of the Oase 1 nuclear 

genome was derived from Neanderthals, indicating a Homo sapiens-Neanderthal admixture 

event occurred 4-6 generations (<200 years) before Oase 1 lived (Fu et al., 2015).   

No archaeology accompanied the human remains so direct radiocarbon dating was necessary to 

establish the age of the fossil. The first attempt at Oxford (350 mg bone) using ultrafiltration 

produced a very low yield of collagen (1.5 mg/0.4%) with an acceptable C:N value (C:N=3.3) which 

produced a minimum age of >35,200 14C BP (OxA-11711). A second attempt to date the mandible 

at Groningen (706 mg bone) without ultrafiltration resulted in a higher collagen yield (28.5 

mg/4%) but with a C:N value outside the range generally considered suitable for reliable 14C 

dating (C:N=2.6). The collagen extract was dated to 34,290 +970, -870 14C BP (GrA-22810). The 

two dates were combined (34,950 +990, -890 14C BP), giving a wide calibrated range of 41,760-

37,310 cal BP (Trinkaus et al., 2003; Trinkaus, 2013).   

The face and fragmented cranium of another Homo sapiens individual (Oase 2) was also found in 

the cave. The first two attempts to directly date the cranium failed due to very poor collagen 

preservation and a third attempt yielded a minimum age of 28,980 +180, -170 14C BP (GrA-

24398), although the authors suggest that Oase 2 is roughly contemporary with Oase 1 (Rougier 

et al., 2007; Trinkaus, 2013).  

As the current dates confirm the early Upper Palaeolithic origin of the Oase fossils, further 

sampling is considered unnecessarily destructive (Trinkaus, 2013). In light of the early direct dates 

of Homo sapiens remains from south-eastern Europe at Bacho Kiro Cave and forth-coming 

improvements in resolution of the calibration curve in this time range (Talamo et al., 2017; Cheng 

et al., 2018; Reimer et al., 2018), a high precision direct date from <100 mg bone from Oase 1 

would play an important role in determining the duration of overlap between Homo sapiens and 

Neanderthals in central Europe (Fig. 2).  

Whilst the Aurignacian technocomplex is widely accepted as a proxy for the presence of Upper 

Palaeolithic Homo sapiens in Europe, very few human remains have been found in secure 

association with diagnostic assemblages (Churchill and Smith, 2000; Mellars, 2006a). The rare 

(and relatively large) assemblage of human fossils from Mladeĉ (Czech Republic) has been directly 

dated (without ultrafiltration) to ~31,000 14C BP (Wild et al., 2005), but the majority of human 

remains associated with Aurignacian contexts are isolated teeth or fragmentary bones and few 

have been directly dated (see Ahern et al., 2013).  
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Figure 2. Calibrated ranges of direct 14C AMS dates of human remains in Eurasia dating between 50,000-25,000 cal 
BP on bulk collagen, filtered collagen (UF/XAD_2/IE) or isolated amino acids (HYP) (where specified in source 

publication). Homo sapiens are shown in black (existing dates) and red (this thesis) and Neanderthals are shown in 
blue. Sample ID and AMS lab number shown on the left. Dates were calibrated using the IntCal13 dataset (Reimer 
et al., 2013) in OxCal 4.3 (Bronk Ramsey, 2009). Where two statistically indistinguishable dates are available from 

one bone the dates have been combined (R_Combine) in OxCal. Dates are shown in comparison to the NGRIP 
(GICC05) δ18O record (Svensson et al., 2008) which is a proxy for Northern Hemisphere palaeoenvironmental 

conditions (Greenland Interstadial numbers, Heinrich events (H5, H4, H3, H2) and Last Glacial Maximum (LGM) are 
indicated). References and pretreatment information are included in Appendix 1. 

 

Mid Upper Palaeolithic 

In comparison to the preceding early Upper Palaeolithic, mid Upper Palaeolithic human remains 

are relatively abundant. The discovery of both ritualistic and isolated human remains from 

Gravettian contexts across Eurasia have provided a wealth of morphological, behavioural and 

genetic insights into Gravettian life and have in particular sparked much discussion about 

variation in funerary practises (Pettitt, 2011; Trinkaus and Buzhilova, 2018). However, the wider 

interpretation of these remains is hindered by a lack of accurate, precise direct radiocarbon 

dates. 

The Gravettian technocomplex is wide-spread across Europe and similarities in burial practises 

(grave goods, ochre, multiple internments) have been observed across large areas (Pettitt, 2011). 

A trend of increasing richness in burial goods over time was observed by Svoboda (2008), in 

particular reference to the exceptionally rich single burials at Brno in Moravia (Oliva, 1999; Pettitt 

and Trinkaus, 2000) and Arene Candide, Italy (Pettitt et al., 2003) and the spectacular burials 

discovered at Sunghir, Russia, all of which were originally dated to the later Gravettian period 

(Trinkaus et al., 2014). Over the past two decades, nearly 20 radiocarbon dates ranging from 

~30,000-20,000 14C BP have been made from the four Sunghir burials using various collagen 

extraction methods (Pettitt and Bader, 2000). The most recent dates suggest the burials date to 

the early-mid Gravettian (Marom et al., 2012; Kuzmin et al., 2014; Nalawade-Chavan et al., 2014), 

which conflicts with the theory of a temporal trend in increasing burial richness. Direct dating has 

demonstrated that several human burials originally assumed to be Gravettian are in fact 

Holocene intrusions (Trinkaus and Pettitt, 2000; Svoboda et al., 2002; Tillier et al., 2009).  

Recent excavations at Borsuka Cave, Poland, uncovered six deciduous human teeth and 112 

pendants made of herbivore teeth spread across 4x3 m2 (Wilczyński et al., 2016). The assemblage 

was interpreted as a disturbed infant burial. Two of the pendants were radiocarbon dated to 

27,350 ± 450 14C BP (Poz-32394: 68.2%: 31,640-30,930 cal BP) and 25,150 ± 160 14C BP (Poz-

38236: 68.2%: 29,400-28,980 cal BP) and a reindeer metatarsus from the same layer was dated 

to 26,430 ± 180 14C BP (Poz-38237) (Wilczyński et al., 2012; Wilczyński et al., 2016). Although the 

layer lacked diagnostic lithics, the burial was associated with the Pavlovian culture based on the 
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contemporaneity of the dates with the burial contexts at Dolní Věstonice, Pavlov and Predmosti 

(see Chapter 5). The lack of agreement between the 14C dates from the two pendants (outside 

2σ) raises the question of the association of the pendants to each other, and further, the human 

teeth with the pendants which forms the basis of the interpretation of a burial. Considering the 

lack of diagnostic lithics, direct dating of small samples of dentine from the human teeth and 

pendants could not only confirm whether the human remains fall within the Gravettian time 

period but also resolve the question of the contemporaneity of the human remains with the 

pendants, providing a more robust foundation for the inclusion of this burial in the wider 

discussion of Gravettian funerary practices.   

 

Radiocarbon dating: an evolving field  

The absolute nature of radiocarbon enables us to explore broad patterns of human behaviour 

across time and space (e.g. Mellars, 2006b; Hublin, 2015; Bae et al., 2017). Yet bearing in mind 

the problems associated with dating in the Palaeolithic period, large-scale statistical models built 

on existing dates of varying reliability have limited use. In order to circumnavigate these 

problems, large-scale dating and re-dating programs have been undertaken to generate new 

AMS radiocarbon dates using rigourous pretreatment methods and robust quality criteria 

(Higham et al., 2014). The integration of radiocarbon data with other dating techniques and 

chronometric markers are further approaches undertaken to improve the robusticity of large-

scale analyses (Lowe et al., 2012; Davies et al., 2015). Recently, Staubwasser et al. (2018) inferred 

patterns of depopulation and re-population based on climatic cycles by linking cold, arid periods 

recorded in stable isotopes in speleothems from the Carpathians with archaeologically sterile 

layers in Eurasian Middle to Upper Palaeolithic sites. Improved accuracy and higher precision in 

archaeological chronologies (Fewlass et al., in review) will facilitate closer links between human 

presence and specific climatic events at increasingly high resolution. 

Whilst the extension of the calibration curve back to 50,000 BP (Reimer et al., 2009) represents 

a huge achievement for researchers working on the chronology of the late Middle and Upper 

Palaeolithic, the low precision of the curve beyond the dendrochronological record has been the 

ultimate limit to the chronological resolution possible from high precision measurements. The 

improvements to the forthcoming calibration curve IntCal19 (Cheng et al., 2018; Reimer et al., 

2018) and future work to extend the dendrochronological portion of curve beyond 14,000 BP 

should greatly increase the accuracy and precision of calibration in this period. This adds greater 

significance to the need to obtain accurate and precise radiocarbon measurements directly from 

important Palaeolithic human remains and artefacts. Accuracy and precision at both the 14C 

measurement and calibration stage are essential for refining the chronology of the arrival and 
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spread of Homo sapiens across Eurasia during the Upper Palaeolithic (Hublin, 2012; 2015; Bae et 

al., 2017).  

As demonstrated over the past 70 years, radiocarbon dating is a continually evolving field, driven 

forwards by developments in both technology and understanding. The MICADAS represents a 

huge advance in accuracy and precision for radiocarbon dating in archaeology. An increasing 

number of AMS facilities across the globe now house a MICADAS, thanks to its compact size and 

relatively low maintenance costs, meaning that the methods explored in this dissertation have 

the potential for wide spread application. The field will continue to benefit from improvements 

in instrumentation and pretreatment methods and will likely see further advances in accuracy 

and precision from decreasing sample sizes. The results of this project are intended to contribute 

to a more robust chronological framework for the Upper Palaeolithic period whilst preserving 

precious archaeological material for future generations.  
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 Appendix 1 
 

 

Pretreatment information, direct AMS radiocarbon dates and references for Fig. 2, Chapter 6. Dates have been rounded to nearest 

10 years and calibrated in OxCal 4.3 [1] using the IntCal13 dataset [2]. Multiple dates from the same bone/collagen extract were 

combined using the R_Combine feature in OxCal [1] when the results were statistically indistinguishable. Under Pretreatment: 

‘Bulk’ denotes unfiltered collagen/gelatin extracts (generally pretreated with protocols based on Longin [3]); ‘UF’ indicates 

ultrafiltered [4] gelatinised collagen extracts; ‘HYP’ indicates individual hydroxyproline amino acids were isolated for compound 

specific dating[5]; other methods of collagen purification (XAD-2 resin/glass microfiber filter/ion-exchange) are also marked. In 

general, 1% collagen yield is regarded as the minimum level of preservation suitable for 14C dating. Well-preserved collagen 

extracts are expected to have C:N ratios In the range of 2.9-3.6 [6] whereas the theoretical C:N ratio of HYP is 5.0 [5].  ‘-‘ data not 

available in source publication. 

Sample ID Species Country AMS lab no Pretreat-
ment 

Coll 
yield 
(%) 

C:N 14C age  
± 1SD (BP) 

1σ 
calibrated 

range 
(cal BP) 

2σ 
calibrated 

range 
(cal BP) 

Ref 

Western Europe 

Goyet Q56-16 Homo sapiens Belgium GrA-59991 - - - 22100 ± 100 26440-26140 26610-26040 [7] 

Goyet 2878-21 Homo sapiens Belgium GrA-62455 - - - 22360 ± 110 26860-26420 27060-26270 [7] 

Goyet Q376-19 Homo sapiens Belgium GrA-54026 - - - 23260 ± 110 27620-27410 27720-27310 [7] 

Goyet Q55-2 Homo sapiens Belgium GrA-54031 - - - 23270 ± 120 27630-27410 27740-27310 [7] 

La Rochette Homo sapiens France OxA-23413 UF 3.4% 3.1 23400 ± 110 27700-27500 27790-27400 [8] 

Arene Candid 1 
burial 

Homo sapiens Italy OxA-10700 UF - 3.2 23440 ± 190 27760-27480 27900-27330 [9] 

Ostuni 1 burial Homo sapiens Italy 
MAMS-
11449 

UF - - 23450 ± 110 27730-27530 27820-27430 [10] 

Goyet Q53-1 Homo sapiens Belgium GrA-46169 - - - 23920 ± 100 28060-27810 28240-27710 [7] 

Eel Point 1 Homo sapiens UK OxA-14164 UF 7.2% 3.2 24470 ± 110 28680-28390 28790-28220 [11] 

Ostuni 2 burial Homo sapiens Italy 
MAMS-
11450 

UF - - 24910 ± 130 29100-28750 29330-28630 [10] 

Cussac Cave Locus 
1 

Homo sapiens France Beta-156643 - - - 25120 ± 120 29340-28980 29500-28830 [12] 

Vilhonneur 1 Homo sapiens France 
Beta-216141 
Beta-216142 

Bulk - - 26890 ± 140 31110-30890 31210-30780 [13] 

Paviland 1 burial Homo sapiens UK 
OxA-16412 
OxA-16413 

UF 
3.4% 
2.6% 

3.2 
3.2 

29150 ± 140 33610-33210 33730-32970 [14] 

Goyet Q376-3 Homo sapiens Belgium GrA-60034 - - - 29370 ± 180 33800-33430 33950-33150 [7] 

La Crouzade VI Homo sapiens France Erl-9415 - - 3.2 30640 ± 640 35200-34020 36020-33650 [15] 

Goyet Q116-1 Homo sapiens Belgium GrA-46175 - - - 30880 ± 170 34960-34610 35170-34430 [7] 

Spy 430a  Neanderthal Belgium GrA-32630 Bulk 7.4% 3.5 33940 ± 220 38720-38240 38950-37810 [16] 

Spy 94a  Neanderthal Belgium GrA-32623 Bulk 7.8% 3.4 35810 ± 260 40780-40120 41110-39820 [16] 

Spy 92b  Neanderthal Belgium GrA-32626 Bulk 9% 3.3 36350 ± 310 41360-40670 41620-40300 [16] 

Saint-Cesaire SP 
28  

Neanderthal France OxA-18099 UF 0.8% 3.3 36200 ± 750 41550-40110 42150-39340 [17] 

Grotte du Renne  
AR-14  

Neanderthal France 
MAMS-
25149 

UF 3.9% 3.2 36840 ± 660 41980-40840 42430-40180 [18] 

Rochers-de-
Villeneuve 1 

Neanderthal France OxA-15257 UF 3.6% 3.3 
45200 ± 

1100 
49670-47640 Out of range [19] 

El Sidron 00/46 Neanderthal Spain OxA-21776 UF 3.3% 3.3 
48400 ± 

3200 
Out of range Out of range [20] 

Central Europe 

Brno 2 burial Homo sapiens Czech 
Republic 

OxA-8293 Bulk 11% - 23680 ± 200 27940-27610 28200-27460 [21] 

Willendorf I Homo sapiens Austria ETH-20690 Bulk - - 24250 ± 180 28510-28060 28690-27880 [22] 
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Pavlov 1 Homo sapiens Czech 
Republic Aix-12026 UF 9.3% 3.4 25490 ± 90 29720-29410 29910-29260 [23] 

Dolní Věstonice II 
DV15 burial 

Homo sapiens Czech 
Republic Aix-12029 UF 8.% 3.2 26730 ± 100 31020-30820 31110-30720 [23] 

Dolní Věstonice II 
DV14 burial 

Homo sapiens Czech 
Republic Aix-12028 UF 9.5% 3.5 26760 ± 100 31040-30830 31120-30730 [23] 

Dolní Věstonice II 
DV13 burial 

Homo sapiens Czech 
Republic Aix-12027 UF 13.5% 3.2 27040 ± 100 31170-30980 31250-30880 [23] 

Dolní Věstonice II 
DV43 

Homo sapiens Czech 
Republic Aix-12032 UF 10.2% 3.3 27070 ± 110 31190-30990 31270-30890 [23] 

Dolní Věstonice II 
DV42 

Homo sapiens Czech 
Republic Aix-12031 UF 9% 3.4 26880 ± 110 31100-30900 31180-30790 [23] 

Dolní Věstonice II 
DV16 burial 

Homo sapiens Czech 
Republic 

Aix-12030 UF 13.9% 3.3 27220 ± 110 31250-31060 31350-30970 [23] 

Oblazowa Cave  
OBC6 P.5546 

Homo sapiens Poland OxA-4586 
Ion 
exchange 

3.8% - 31000 ± 550 35510-34430 36110-34010 [24] 

Mladeĉ 8 Homo sapiens Czech 
Republic 

VERA-3075 Bulk 8.3% 2.7 
30680  

+380/-360 
34960-34250 35410-33960 [25] 

Mladeĉ 1 Homo sapiens Czech 
Republic 

VERA-3073 Bulk - - 
31190  

+400/-390 
35510-34710 36010-34380 [25] 

Mladeĉ 2 Homo sapiens Czech 
Republic 

VERA-3074 Bulk - - 
31320  

+410/-390 
35640-34810 36130-34510 [25] 

Mladeĉ 9a Homo sapiens 
Czech 
Republic 

VERA-3076A Bulk - - 
31500  

+420/-400 
35820-34950 36280-34640 [25] 

Kleine Feldhofer 
Grotte NN1 

Neanderthal Germany ETH-19660 Bulk - - 39240 ± 670 43610-42540 44350-42190 [26] 

Kleine Feldhofer 
Grotte Nean 1 

Neanderthal Germany ETH-20981 Bulk - - 39900 ± 620 44130-43040 44750-42660 [26] 

Kleine Feldhofer 
Grotte NN4 

Neanderthal Germany ETH-19661 Bulk - - 40360 ± 760 44620-43280 45370-42810 [26] 

Eastern Europe 

Peştera Cioclovina 
1 

Homo sapiens Romania OxA-15527 UF 5.9% 3.4 28510 ± 170 32860-32170 33090-31780 [27] 

Peştera Muierii 2 Homo sapiens Romania OxA-16252 UF 11.2% 3.3 29110 ± 190 33590-33100 33760-32840 [28] 

Peştera Muierii 1 Homo sapiens Romania LuA-5229 
OxA-15529 

- 
UF 

- 
13.3% 

- 
3.4 

29940 ± 170 34170-33850 34370-33710 [28] 

Bacho Kiro Cave  
BK 1653  

Homo sapiens Bulgaria 
ETH-86768 
AIX-12024 

UF 11.8% 3.2 30570 ± 120 34690-34380 34820-34210 [29] 

Bacho Kiro Cave  
F6-597 

Homo sapiens Bulgaria 
ETH-86773 
AIX-12025 

UF 4.2% 3.2 31660 ± 140 35750-35340 35970-35140 [29] 

Buran-Kaya III 
parietal 

Homo sapiens Ukraine GrA-37938 Bulk - 3.3 31900 ± 230 36090-35550 36300-35260 [30] 

Peştera cu Oase 1 Homo sapiens Romania 
GrA-22810 
OxA-11711 

Bulk 
UF 

4% 
0.4% 

2.6 
3.3 

34950  
+ 990/-890 

40040-37610 41070-36470 [31] 

Bacho Kiro Cave  
AA7-738  

Homo sapiens Bulgaria ETH-86769 UF 12.3% 3.1 39750 ± 380 43760-43050 44210-42810 [29] 

Bacho Kiro Cave  
CC7-2289 

Homo sapiens Bulgaria ETH-86771 UF 4.2% 3.1 40600 ± 420 44580-43720 44980-43340 [29] 

Bacho Kiro Cave  
BB7-240 

Homo sapiens Bulgaria ETH-86770 UF 9% 3.1 41850 ± 480 45660-44800 46130-44400 [29] 

Bacho Kiro Cave  
CC7-335  

Homo sapiens Bulgaria ETH-86772 UF 11.9% 3.1 42450 ± 510 46190-45250 46790-44830 [29] 

Vindija Vi-208 Neanderthal Croatia Ox-X-2689-
09 

HYP 5.6% 5.6 
42700 ± 

1600 
47830-44690 49690-43890 [32] 

Vindija Vi-207 Neanderthal Croatia Ox-X-2689-
10 

HYP 6% 5.6 
43900 ± 

2000 
49010-45770 Out of range [32] 

Vindija Vi-33.19 Neanderthal Croatia Ox-X-2717-
11 

HYP - 4.9 
44300 ± 

1200 
48860-46430 49950-45850 [32] 

Vindija Vi-2291-18 Neanderthal Croatia Ox-V-2291-
18 

UF - 3.3 44450 ± 550 48430-47010 49210-46450 [33] 

Vindija Vi-*28 Neanderthal Croatia 
Ox-X-2687-
57 

HYP 5.4% 5.0 
46200 ± 

1500 
Out of range Out of range [32] 

Western Russia 
Kostenki 8 Homo sapiens Russia OxA-7109 - - - 23020 ± 320 27630-27050 27800-26580 [34] 
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Kostenki 18 burial Homo sapiens Russia OxA-X-2666-
53 

HYP - 5.4 23230 ± 150 27630-27370 27740-27240 [35] 

Sungir 1 burial Homo sapiens Russia OxA-X-2464-
12 

HYP - 5.0 28650 ± 400 33300-32110 33640-31600 [36] 

Sungir 4 burial Homo sapiens Russia OxA-X-2462-
52 

HYP - 5.1 29670 ± 290 34070-33590 34390-33270 [36] 

Sungir 2 burial Homo sapiens Russia OxA-X-2395-
6 

HYP - 5.0 30100 ± 550 34660-33740 35290-33180 [5] 

Sungir 3 burial Homo sapiens Russia OxA-X-2395-
7 

HYP - 5.0 30000 ± 550 34600-33660 35160-33030 [5] 

Kostenki 1  Homo sapiens Russia OxA-15055 UF 9.6% 3.2 32070 ± 190 36200-35760 36380-35520 [37] 

Kostenki 14  Homo sapiens Russia 
OxA-X-2395-
15 

HYP - 5.1 33250 ± 500 38220-36810 38690-36260 [5] 

Mezmaiskaya 
Cave Mez 2 

Neanderthal Russia OxA-21839 UF 14.6% 3.2 
39700 ± 

1100 
44430-42640 45630-42030 [38] 

Siberia and Mongolia 

Mal'ta MA-1 Homo sapiens 
Russia 
(Siberia) 

UCIAMS-
79666 

XAD_2 
resin 

18.7% - 20240 ± 60 24430-24200 24520-24090 [39] 

Pokrovka 2 Homo sapiens 
Russia 
(Siberia) 

OxA-19850 UF 6.7% 3.3 27740 ± 150 31600-31300 31830-31180 [40] 

Salkhit skullcap Homo sapiens Mongolia 
OxA-X-2717-
25 

HYP - 5.0 30430 ± 300 34680-34140 34940-33900 [41] 

Okladnikov Cave 
OK1 

Neanderthal 
Russia 
(Siberia) 

OxA-15481 UF 5% 3.3 37800 ± 450 42430-41800 42750-41480 [42] 

Ust'-Ishim 1 Homo sapiens 
Russia 
(Siberia) 

OxA-25516 
OxA-30190 

UF 
7.7% 
10% 

3.2  
3.3 

41400 ± 950 45750-44010 46840-43210 [43] 

Eastern Asia 

Shiraho-
Saonetabaru Cave 
(No. 2) 

Homo sapiens Japan MTC-12820 
Glass 
microfiber 
filter 

0.9% 3.1 20420 ± 110 24760-24340 25000-24210 [44] 

Tianyuan Cave (1) Homo sapiens China BA-03222 - - - 34430 ± 510 39560-38450 40260-37760 [45] 
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Summary 
 

 

Direct radiocarbon dating of human remains is crucial for the accurate interpretation of 

prehistory. Yet given the scarcity of prehistoric human remains, direct dating is often deemed 

too destructive for many important fossils. The reduction of sample size necessary for dating 

bone is therefore of great interest to archaeologists, but the confounding factors of molecular 

preservation and contamination present great challenges to the radiocarbon dating community.  

 

This dissertation explores the reduction of sample size for radiocarbon dating Palaeolithic bone 

at the pretreatment and 14C measurement stages. Methodological tests were carried out on a 

selection of archaeological bones spanning the breadth of the radiocarbon method at varying 

levels of preservation. Our standard pretreatment protocol for ~500 mg bone was refined for 

<100 mg bone. Collagen extracted from solid pieces of bone (rather than powdered bone) and a 

reduced duration of the gelatinisation stage improved collagen yields for small samples. The 

quality of the extracted collagen was evaluated based on the yield, elemental and stable isotopic 

values and the obtained 14C measurements.  

 

Following extraction, collagen of suitable quality can be dated by accelerator mass spectrometry 

(AMS) in two ways. When sufficient material is available, collagen (~one-third carbon) is 

combusted to CO2, converted to graphite and measured in an AMS in the form of a solid target, 

typically containing 0.5-1 mg carbon. The gas ion source of the Mini Carbon Dating System 

(MICADAS) AMS, developed at ETH ZURICH, permits the measurement of 14C directly from CO2 

containing <100 µg carbon, but the lower ion currents achieved with the direct measurement of 

small CO2 samples result in lower levels of precision compared to larger solid samples. The 

instrument has been utilised in environmental applications but had not been employed for 

archaeological samples requiring high accuracy and precision. This dissertation documents 

extensive testing of the accuracy and precision of the recently improved gas ion source of the 

AixMICADAS for dating small archaeological collagen samples. The results demonstrate that the 

gas ion source provides accurate and reproducible results, reaching a level of precision useful for 

addressing archaeological questions. This indicates the technique is suitable for dating 

Palaeolithic collagen where the amount of material available for dating is limited.  

 

The human remains from Dolní Věstonice II and Pavlov I, Czech Republic, are one of the most 

intensively studied skeletal collections from the European mid Upper Palaeolithic and have 

yielded fascinating insights into the biology and behaviour of Gravettian people. Since their 

excavation in the 20th century, the human remains have only been dated indirectly from 
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associated charcoals. Following aDNA analysis of the human remains in 2013, very small amounts 

of bone material were left over from seven bones from both burial and isolated contexts. Very 

small bone aliquots (32-203 mg) were pretreated and proved to be exceptionally well preserved. 

The high level of preservation allowed the collagen extracts to be dated with both graphite 

targets and the gas ion source, enabling further comparison of the two techniques. The results 

from the two methods were statistically indistinguishable. The study confirms the Gravettian 

origin of the individuals and provides a high chronological resolution for these important human 

remains. 

 

The Bacho Kiro Cave, Bulgaria, contains an extensive Initial Upper Palaeolithic (IUP) assemblage, 

generally attributed to the first appearance of Upper Palaeolithic Homo sapiens in Europe. Recent 

excavations at the site have been undertaken to gain new material for analysis and establish a 

robust site chronology. This dissertation includes the results of a radiocarbon dating program and 

Bayesian model of the entire Middle to Upper Palaeolithic stratigraphy, with a focus on the IUP 

layers. The extensive dataset includes a predominance of anthropogenically modified fauna with 

exceptional levels of collagen preservation. The high-precision AMS chronology spans from 

>51,000 BP in the Middle Palaeolithic layers at the base of the stratigraphy to ~35,000 cal BP at 

the top of the stratigraphy. During identification of the unidentifiable bone assemblage with 

collagen peptide fingerprinting (ZooMS), six small human bone fragments were identified from 

the IUP (n = 4) and Upper Palaeolithic (n = 2) layers. Small aliquots of the human bones (80-110 

mg) were pretreated for 14C dating. The high level of collagen preservation permitted all human 

extracts to be dated at high precision with graphite targets. The two human bones from the upper 

layers were also dated with gas ion source of the AixMICADAS to cross-check the results. The 14C 

dates confirm the association of the four human bones with the IUP assemblage. The study 

provides a robust, high precision site chronology based on human and animal bone for one of the 

most crucial sites in the investigation of the arrival of Upper Palaeolithic Homo sapiens in Europe.  

 

This dissertation focused on the reduction of sample size for radiocarbon dating Palaeolithic 

bone. The research contributes 13 human individuals to the small collection of directly dated 

Upper Palaeolithic humans in Europe. Minimising sample destruction should allow a wider range 

of precious fossils and artefacts to be directly radiocarbon dated. This will provide an increasingly 

robust chronological framework for high-resolution investigation of the Upper Palaeolithic in 

Europe.   
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Samenvatting 
 

 

Directe koolstofdateringen van menselijke resten zijn crucial voor een correcte interpretatie van 

de prehistorie. Echter, gezien de schaarste aan prehistorische menselijke resten wordt directe 

datering voor veel belangrijke fossielen vaak als te destructief beschouwd. De vermindering van 

de monstergrootte die nodig is voor het dateren van bot is daarom van groot belang voor 

archeologen, maar de verstorende factoren van moleculaire preservatie en contaminatie vormen 

grote uitdagingen voor de koolstofdateringsgemeenschap. 

 

Dit proefschrift onderzoekt de vermindering van de monstergrootte in de voorbehandelings- en 

koolstofmetingstadia voor het koolstofdateren van paleolitisch bot. Methodologische tests 

werden uitgevoerd op een selectie archeologische botten die de reikwijdte van de 

koolstofdateringsmethode omvatten op verschillende niveaus van preservatie. Ons 

standaardprotocol voor ~500 mg bot werd verfijnd tot <100 mg bot. Collageen geëxtraheerd van 

vaste botfragmenten (in plaats van verpoederd bot) en een gereduceerde lengte van het 

gelatinisatie-stadium verbeterden collageenopbrengensten voor kleine monsters. De kwaliteit 

van het geëxtraheerde collageen werd geevalueerd aan de hand van de collageenopbrengst, 

elementaire en stabiele isotopenwaardes en de verkregen koolstafdateringen. 

 

Na de extractie kan collagen van geschikte kwaliteit gedateerd worden door middel van 

accelerator massaspectrometrie (AMS) op twee manieren. Als er genoeg materiaal is wordt 

collageen (~één-derde koolstof) verbrandt tot CO2, omgezet in grafiet en gemeten in een AMS 

als vast doelwit, dat normaal gesproken 0.5-1 mg koolstof bevat.  De gasionenbron van de Mini 

Carbon Dating System (MICADAS) AMS, ontwikkeld bij ETH ZURICH, maakt het mogelijk 14C uit 

CO2 rechtstreeks te meten, voor minder dan 100 µg koolstof, maar de lagere ionenstromen die 

worden bereikt met de directe meting van kleine CO2-monsters resulteren in lagere 

nauwkeurigheidsniveaus in vergelijking met grotere, vaste doelwitten. Het instrument is gebruikt 

in milieutoepassingen maar niet voor archeologische monsters die een hoge nauwkeurigheid en 

precisie vereisen. Dit proefschrift documenteert uitgebreide testen van de nauwkeurigheid en 

precisie van de recent verbeterde gasionenbron van de AixMICADAS voor het dateren van kleine 

archeologische collageenmonsters. De resultaten tonen aan dat de gasionenbron nauwkeurige 

en reproduceerbare resultaten oplevert en een nauwkeurigheidsniveau bereikt, dat bruikbaar is 

voor het beantwoorden van archeologische vragen. Dit geeft aan dat de techniek geschikt is voor 

het dateren van paleolithisch collageen waarbij de hoeveelheid beschikbaar materiaal voor 

datering beperkt is. 
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De menselijke resten van Dolní Věstonice II en Pavlov I, Tjechie, zijn enkele van de meest intensief 

bestudeerde skeletresten van het Europese laat-paleolithicum en hebben fascinerende inzichten 

opgeleverd in de biologie en het gedrag van Gravettien-mensen. Sinds hun opgraving in de 20ste 

eeuw zijn de menselijke resten alleen indirect gedateerd op basis van geassocieerde houtskool. 

Na oud-DNA onderzoek aan de menselijke skelteresten in 2013 waren alleen zeer kleine 

hoeveelheden botmateriaal over van zeven botten afkomstig uit zowel graf- als geïsoleerde 

contexten. Zeer kleine botmonsters (32-203 mg) werden voorbehandeld, en de eerste resultaten 

gaven aan dat ze exceptioneel goed bewaard waren. Het hoge preservatieniveau stond datering 

toe van het geëxtraheerde collageen met zowel grafietdoelwitten als de gasionenbron, wat het 

verder vergelijken van beide methoden mogelijk maakte. De resultaten gaven aan dat de twee 

methoden statistisch gezien niet te onderscheiden zijn. Het onderzoek bevestigt dat de 

menselijke resten stammen uit het Gravettien en levert een hoge-resolutie chronologie op van 

deze belangrijke menselijke skeletresten.  

 

De Bacho Kiro grot in Bulgarije omvat een omvangrijk Initial Upper Palaeolithic (IUP) assemblage, 

dat normaal gesproken toegewezen wordt aan de eerste verschijning van laat-paleolitische 

Homo sapiens in Europa. Recente opgravingen op de vindplaats hadden als doel nieuw 

onderzoeksmateriaal te verkrijgen en de opzet van een robuuste chronologie. Dit proefschrift 

bevat de resultaten van een koolstafdateringsonderzoek en Bayesian model van de gehele 

midden- tot laat-paleolithische stratigrafie, met een focus op de IUP lagen. De grote dataset 

omvat voornamelijk menselijk bewerkte faunaresten met uitzonderlijke preservatieniveaus. De 

hoge-precisie AMS chronologie gaat van >51,000 BP in de midden-paleolititsche lagen onderin 

de stratigrafie tot ~35,000 BP bovenin de stratigrafie. Tijdens het identificeren van de 

onidentificeerbare botten door middel van collageen peptide fingerprinting (ZooMS) werden zes 

kleine menselijke botfragmenten ontdekt in de IUP (n = 4) and laat-paleolithische (n = 2) lagen. 

Kleine monsters (80-110 mg) van de menselijke botresten werden voorbehandled voor 

koolstofdatering. Het hoge preservatieniveau van het collageen stond de datering toe van alle 

menselijke resten door middel van grafietdoelwitten. De twee menselijke botten van de jongste 

laag werden ook gedateerd door middel van de gasionenbron van de AixMICADAS om de 

resultaten te verifiëren. De koolstofdateringen bevestigen de associatie van de vier menselijke 

resten met het IUP assemblage. Het onderzoek levert een robuuste, hoge-precisie chronologie 

gebaseerd op menselijke en dierlijke skeletresten voor één van de meest cruciale vindplaatsen 

met betrekkening tot eerste verschijning van Homo sapiens in Europa. 

 

Dit proefschrift is gericht op de verkleining van de monstergrootte voor het koolstofdateren van 

paleolitisch botmateriaal. Het onderzoek draagt 13 menselijke individuen bij aan het kleine aantal 

direct gedateerde menselijke skeletresten van het laat-paleolithicum in Europa. Het verkleinen 

van de monstergrootte zou het mogelijk moeten maken een groter aantal unieke menselijke 
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resten en artefacten direct te dateren door middel van koolstofdatering. Dit maakt het mogelijk 

om een steeds meer verfijnde chronologie op te stellen van het laat-paleolithicum in Europa. 
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