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Fuzzy prehistory 

For most regions and for most sequences around the world, prehistorians until now have only 

been able to assign the past people whom they study to rather imprecise times. Such imperfect 

chronology is the result of our reliance on radiocarbon dating and a conventional approach to 

the interpretation of radiocarbon results which relies, basically, on the visual inspection of 

calibrated dates. Thus, typically, a radiocarbon sample from a few thousand years ago will 

calibrate to a date spanning 100–200 years (at 2σ). A group of such samples will not produce 

identical calibrated dates, even when they derive from the same event, and archaeologists visually 

inspecting a graph of such dates tend to include the extremes of the timespan indicated, and thus 

considerably exaggerate the duration of a given phenomenon as well as accepting the relative 

imprecision of its dating (BAYLISS ET AL. 2007). In the European Neolithic there has been a long-

standing tradition of inferring chronology by summing, first uncalibrated (OTTAWAY 1973; 

GEYH / MARET 1982; BREUNIG 1987), and then calibrated (AITCHISON ET AL. 1991) radiocarbon 

dates. This method similarly tends to produce inaccurate chronologies of exaggerated duration 

(BAYLISS ET AL. 2007, 9–11). For the fortunate few, in regions with favourable conditions in 

which timbers are preserved, dendrochronology can provide dates precise to a calendar year and 

even to a season within a given year, for example among the Pueblo settlements of the American 

Southwest or the Neolithic and Bronze Age settlements on the fringes of the Alps in west and 

central Europe (e.g. HERR 2001; MENOTTI 2004). In most regions, however, such preservation 

and such chronologies are exceptional. 
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Relative chronological schemes, which have been a particular strength of archaeology in 

continental Europe, exploit the entanglement of people and things (HODDER 2012). The rich 

materiality of past lives provides the basis for its chronological analysis by typology and seriation, 

both exploiting principles of similarity and difference. Chrono-typology identifies stylistic 

similarities across a background of difference, using also association, context and stratigraphy 

(ADAMS / ADAMS 1991). Seriation formally orders a matrix of types and units (such as artefact-

types in graves or decorative motifs on pottery vessels). Such orderings may or may not be 

chronologically successive, although in practice they can be shown often to be so (GREENACRE 

2007). The resolution of relative dating provided by material culture depends on the pace of 

change within the artefacts selected for study. Where this is swift, typological phases may cover 

just a few decades (e.g. STEHLI 1989), although where change in the studied material is very slow, 

phases may cover several centuries (e.g. KALICZ 1991). Normally, however, prehistorians seem 

content with radiocarbon-backed culture history chronologies which employ successive units of 

200 years or more in duration; the familiar chronological tables chart these units (fig. 1). 

 

It is no surprise that slow change over the long term has been the dominant, if not the 

unthinking default, chronological perspective. A further, perhaps unavoidable, consequence of 

the dating methods which are usually available, and the imprecise chronologies which result, has 

been that many prehistorians have been content to write accounts of the past which have been 

very generalised. On the one hand, they normally lump together in broadly defined phases, often 

of several centuries or more, events, constructions and other phenomena, which might well not 

be coeval, and on the other, they tend to emphasise the long-term development of change, in a 

search for long-running or underlying processes, at the expense of shorter-term events and 

successions. Recently, much more theoretical attention has been directed to individuals, 

personhood and agency  — the latter the nexus of action, practice, choice, memory, values and 

emotion which constitutes human subjects, and is often combined with structure, the web of 

rules, tradition, habits, taken-for-granteds and unconscious knowledge of how to go on 

(BARRETT 2001). This has been an attempt to get closer to people in the past, rather than just 

notions of the structures within which they operated or the processes to which they were subject 

(DOBRES / ROBB 2000; FOWLER 2004). Even this approach, however, has not come to terms 

with the limitations of current dating, and agents and individuals tend to float timelessly in a kind 

of pseudo-ethnographic present. Imprecise chronology has entailed a fuzzy kind of prehistory.  

 

Bayesian chronological modelling 
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The application of Bayesian statistics for the interpretation of radiocarbon dates allows 

chronologies that are precise within a scale of human lifetimes and generations to be constructed 

routinely (BAYLISS 2009). This makes fuzzy prehistory a choice rather than a necessity and opens 

up new avenues of interpretation for archaeologists (BAYLISS / WHITTLE 2007; WHITTLE ET AL. 

2011, Chapter 14). 

 

The basic idea behind the Bayesian approach to the interpretation of data is encapsulated by 

Bayes’ theorem (BAYES 1763; fig. 2). This simply means that we analyse the new data we have 

collected about a problem (‘the standardised likelihoods’) in the context of our existing 

experience and knowledge about that problem (our ‘prior beliefs’). This enables us to arrive at a 

new understanding of the problem which incorporates both our previously existing knowledge 

and our new data (our ‘posterior belief’). We do this by the use of formal probability theory, 

where all three elements of our model (that is, existing beliefs, new information, and revised 

interpretations) are expressed as probability density functions. These give us a quantitative 

measure of our state of knowledge of each component of the model. Bayesian models are thus 

interpretative constructions which rely on multiple lines of evidence (BUCK ET AL. 1996). An 

accessible general introduction to the principles of Bayesian statistics is provided by Lindley 

(1985), and to its history by Bertsch McGrayne (2011). 

 

Alison Wylie (2002, 162–3) has suggested that ‘scientific arguments are more like cables than 

chains’. In this view, individual lines of argument that are insufficient on their own can make a 

cumulatively persuasive case when woven together, although the strands that make up a cable of 

comparative, evaluative argument may conflict with one another and thus may require dynamic 

judgements and revisions. In the construction of archaeological chronologies, Bayesian statistics 

provide a formal and explicit methodology for weaving together different strands of evidence to 

form the cable. The approach combines calibrated radiocarbon dates with knowledge of the 

archaeological contexts from which they are derived to produce a series of formal, probabilistic 

date estimates. Stringent demands are made of both the radiocarbon dates and our archaeological 

understanding of stratigraphy, associations, sample taphonomy and context in general, but the 

combined chronology should be more reliable than its individual components, since it is reliant 

on multiple strands of reinforcing evidence. To return to Wylie’s metaphor, the resultant cable 

should be both stronger (more robust) and tighter (more precise). 
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Our models incorporate archaeological prior beliefs of various kinds. We need to be clear about 

the basis of these beliefs. Some may be comparatively unequivocal — the stratigraphic 

succession of a sequence of articulated animal bone samples, for example. In other cases the 

stratigraphic sequence may be open to alternative interpretations, or there may be doubt about 

the taphonomy of the dated material. In other situations, our prior beliefs may themselves derive 

from other methods which bring with them their own set of presuppositions and structure. For 

example, correspondence analysis will place a closed context according to the average position of 

each of the artefact types it contains, and so in a chronological sequence it will be located at the 

average time when all the artefacts in the assemblage were manufactured, not at the point of 

burial. The fundamental point is that Bayesian statistics, being a formal methodology, force 

archaeologists to be explicit about their strands of reasoning.  

 

Once the elements of a model have been defined, millions of calculations are undertaken in 

order to reconcile the probability distributions of the individual calibrated radiocarbon dates with 

the other available information, using Markov Chain Monte Carlo methods. Each distribution is 

repeatedly sampled to build up a set of solutions consistent with the model structure. Statistical 

checks are available to check the stability of a solution (its convergence) and the compatibility of 

the radiocarbon dates and the archaeological information included in the model (its agreement; 

BRONK RAMSEY 1995, 429; 2009a, 356–7). These diagnostic statistical tools aid us in ensuring 

internal consistency within our cable (see also WYLIE 2002, 176–7).  

 

The chronological models presented in all the papers in this volume have been constructed using 

the program OxCal v4.2 (BRONK RAMSEY 2009a; 2009b; BRONK RAMSEY / LEE 2013) and the 

atmospheric calibration curve for the northern hemisphere published by Reimer et al. (2013). 

The algorithms used are defined exactly by the brackets and OxCal CQL2 keywords on the left-

hand side of the technical graphs (e.g. OROSS ET AL. this volume (a), fig. 4; 

http://c14.arch.ox.ac.uk/). The posterior density estimates output by the model are shown in 

black, with the unconstrained calibrated radiocarbon dates shown in outline. The other 

distributions correspond to aspects of the model. For example, ‘start: Alsónyék Starčevo’ is the 

estimated date that the activity at Alsónyék began in this period (OROSS ET AL. this volume (a), 

fig. 4). In the text and tables, the Highest Posterior Density intervals of the posterior density 

estimates are given in italics. So, for example, we estimate that Starčevo occupation on subsite 

5603 began in 5800–5730 cal BC (95% probability; start: Alsónyék Starčevo; OROSS ET AL. this 

volume (a), fig. 4), probably in 5775–5740 cal BC (68% probability). Where unmodelled 
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radiocarbon dates are given, they have been calibrated using the probability method (STUIVER / 

REIMER 1993) and IntCal 13. All ranges have been rounded outwards to the nearest five years. 

 

The Bayesian process at Alsónyék 

Over the past two decades, an iterative process for the routine implementation of Bayesian 

modelling for the construction of chronologies for archaeological sites has been forged from the 

body of applications undertaken by English Heritage (now Historic England) (BAYLISS / BRONK 

RAMSEY 2004; BAYLISS 2009). This process, summarised in fig. 3, was followed for the 

construction of the chronological models for Neolithic settlement and burial at Alsónyék. 

 

Existing knowledge 

The dating programmes described in this volume were undertaken between 2012 and 2015, 

during the post-excavation analysis of the Alsónyék complex (OSZTÁS ET AL. this volume (a)). 

Our understanding of different elements of the landscape and assemblages during this process 

thus differed depending on how much research had been undertaken on a particular aspect of 

the site at the time when samples were submitted for radiocarbon dating. For example, the 

analysis of the Starčevo pottery was much further advanced than that of the Lengyel pottery. 

 

The settlements, and many of the excavated features, however, could be placed reliably within 

the overarching typo-chronological sequence of Neolithic ceramics in central and south-eastern 

Europe (SIMON 2003; BIRÓ 2003). The existing radiocarbon dating for the occurrence of these 

ceramic groups within Transdanubia is limited, in terms of both the number of measurements 

available and the quality of the samples submitted for dating (for example, in most cases the 

fragments of charcoal submitted for dating were not identified to age and species). The quality of 

the reporting of these results (BAYLISS 2015) is also often insufficient for them to contribute to 

more than an outline chronology for the associated ceramics. 

 

Fortunately, as part of the aDNA and stable isotope study undertaken between 2009 and 2013 

(SZÉCSENYI-NAGY ET AL. 2015), 21 radiocarbon dates were obtained on human skeletons 

selected for aDNA analysis from Alsónyék. These results, along with the carbon and nitrogen 

stable isotope measurements on the dated burials, were kindly made available to us in advance of 

full publication.  
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Fifteen of these dates came from the Starčevo settlement on subsite 5603 (OROSS ET AL. this 

volume (a), table 1). A preliminary chronological model was constructed incorporating the single 

stratigraphic relationship between graves 1532 and 1533 with these dates (fig. 4), which clearly 

indicated that activity on this site probably fell in the second quarter of the sixth millennium cal 

BC. The first typological analysis of the Starčevo pottery assemblage had already demonstrated 

its exceptional variety (e.g. in terms of painted pottery; BÁNFFY ET AL. 2010). In the course of the 

current dating programme, three style groups were identified. Many of their components are 

comparable with diagnostic traits of Starčevo typo-chronological phases in Slavonia (to the 

south), although it was not known if these were of chronological significance at Alsónyék 

(BÁNFFY ET AL. 2010; OROSS ET AL. this volume (a), p00). 

 

No radiocarbon dates were available from the LBK site at Alsónyék before this study, and so our 

existing assessment of the chronology of the site was based on the overall chronology for the 

presence of LBK ceramics in Transdanubia (OROSS ET AL. this volume (b), p00) and the rather 

scant parallels for the Alsónyék LBK pottery assemblage from elsewhere in south-east 

Transdanubia (OROSS ET AL. this volume (b), p00). Little could be said other than that the 

earliest, and probably the latest, LBK pottery types to occur in Transdanubia do not appear to be 

present, and that the site probably dates to the later sixth millennium cal BC. 

 

Five radiocarbon dates were available from the aDNA and stable isotope project for the Sopot 

burial ground in subsite 5603-2 (OROSS ET AL. this volume (c), table 1), preliminary modelling of 

which suggested that the cemetery might have endured for a relatively restricted period 

sometime within the first two centuries of the fifth millennium cal BC (fig. 5).  

 

We inherited a single radiocarbon date from the aDNA and stable isotope project for the 

Lengyel cemetery (MAMS-11941; OSZTÁS ET AL. this volume (b), table 1), which calibrates to 

4730–4540 cal BC (95% probability). The initial review of the ceramics suggested that the earliest 

forms of Lengyel pottery (which are not known to occur in Transdanubia) were not present. The 

scale of occupation in this period was taken to indicate that the Lengyel site was in use for most 

of the currency of this ceramic type in Trandanubia (ca. 4900–4300 cal BC). 

 

Objectives 

The explicit definition of the archaeological problems to be addressed by a programme of 

scientific dating is an essential step in the Bayesian process. The aims of the project determine 
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the precision of dating that is required to answer specific questions and consequently the 

sampling strategy that is necessary to achieve that precision. 

 

The radiocarbon dating programme at Alsónyék was a joint initiative between the Times of Their 

Lives project (funded by the European Research Council), which concentrated on the Lengyel 

and Sopot sites, and the Alsónyék post-excavation project (funded by the Hungarian Scientific 

Fund, OTKA), which concentrated on the Starčevo and LBK sites. Both projects also benefited 

from radiocarbon dates that had been previously obtained by the aDNA and stable isotope 

project (funded by the Deutsche Forschungsgemeinschaft) and took a joint approach to the 

design of the new radiocarbon dating programme. 

 

The overall programme aimed to address the following issues: 

 

• to provide calendar dating for the establishment and demise of each settlement, thus 

estimating the duration of use of each site 

 

• to determine whether occupation of the complex was continuous, or whether there were 

periods of abandonment, or times when settlements of different cultural traditions were 

occupied contemporaneously 

 

• to estimate changes in the intensity of occupation of the complex through time 

 

Additionally, each component of the dating project addressed specific issues of relevance to a 

particular site or period.  

 

Starčevo ceramics mark the first appearance of Neolithic lifeways in Transdanubia, and so dating 

the establishment of this settlement was a priority. Establishing whether the pottery style groups 

identified were of chronological signficance and, if so, determining the chronology and duration 

of each style group, were also important. 

 

Given the difficulties in finding any grouping within the LBK ceramics from Alsónyék, calendar 

dating for this site was needed to place it within the wider LBK typo-chronology for the western 

Carpathian basin. It was also hoped to explore how the layout of the settlement developed 

through time, both through determining the sequence of longhouses within a particular cluster 
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and through determining the sequence of house clusters. Finally, we wished to estimate the 

interval between the filling of the house long pits and the burials that were cut into them. 

 

As outlined by Oross et al. (this volume (c), p00), the position of Sopot occupation within the 

Neolithic sequence of Transdanubia is currently a matter of active debate. It was hoped to 

establish the chronology of the Sopot burial ground relative to both the LBK and Lengyel 

settlements, and in particular to determine whether the late LBK and early Sopot communities 

may have overlapped. 

 

The objectives of the Lengyel dating programme were modified during the course of the dating 

project (as described below). Initially, however, our sampling focused on:  

 

• placing the occupation within the regional sequence for Lengyel ceramics 

• determining whether groups of burials and settlement activity in the same location were 

contemporary 

• revealing the timing and tempo of settlement activity, answering questions such as: was 

there a single concentrated horizon of activity or did the site grow over time? Which 

areas were in use a which time? Did the settlement shift? How big was the settlement at 

any one time? 

• refining our understanding of the typo-chronology of Lengyel ceramics by providing 

precise calendar dating for the sequence under construction through the seriation of 

pottery vessels in graves at Alsónyék 

• determining the duration and contemporaneity of different burial groups 

• determining the times when tuberculosis was present in the community. 

 

Sampling 

There are a number of steps in constructing an efficient and effective sampling strategy to 

achieve a series of archaeological objectives through a programme of radiocarbon dating and 

chronological modelling. The identification and selection of suitable material for scientific dating  

form only one of those steps. It is also necessary to identify archaeological information that can 

be included in the model as prior information, and to determine the most effective combination 

of that prior information with the available pool of potential samples through a series of realistic 

simulation models. Finally, measures must be designed to mitigate the risks inherent in the 

identified sampling strategy. 
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Prior information 

The archaeological information that is included in a chronological model is as important as the 

radiocarbon dates and must be subject to the same degree of rigorous assessment. 

 

The first kind of archaeological knowledge which we have included in all the models presented 

in the papers contained in this volume relates to place. People tend to repeat themselves, and 

often activity is concentrated in particular places that archaeologists call sites. This means that 

the radiocarbon dates from a site are related — the samples do not derive randomly from 

anywhere within the span of the radiocarbon calibration curve (currently AD 1950 to 48,050 

BC), but randomly from within the period when that site was occupied. At Alsónyék, we can 

further refine our understanding of this relatedness, as occupation in different places can be 

associated with distinctive ceramic traditions. We can thus model chronologies for four different 

sites: one associated with Starčevo ceramics (OROSS ET AL. this volume (a)), one associated with 

LBK ceramics (OROSS ET AL. this volume (b)), one associated with Sopot ceramics (OROSS ET 

AL. this volume (c)), and one associated with Lengyel ceramics (OSZTÁS ET AL. this volume (b)). 

 

This archaeological information is not sophisticated, but it is critical that it is included in a 

Bayesian chronological model if accurate chronologies are to be produced (STEIER / ROM 2000; 

BRONK RAMSEY 2000). Most often this has been done using the uniform phase model proposed 

by Buck et al. (1992), which interprets the samples as coming randomly from a phase of 

occupation which starts and then continues more or less constantly until it ends. (Since the 

radiocarbon calibration curve in this period is interpolated at 5-year intervals from measurements 

on tree-ring samples that are generally decadal or bi-decadal in range (REIMER ET AL. 2013; NIU 

ET AL. 2013), minor deviations from constant occupation (for example, seasonal variations) will 

not matter in practice.) For the Lengyel settlement, the robustness of this approach is assessed 

using the trapezium phase model proposed by Karlsberg (2006), as implemented in OxCal v4.2 

(LEE / BRONK RAMSEY 2012). This approach interprets samples as coming randomly from a 

phase of occupation that begins gradually, reaches a height of intensity that continues more or 

less constantly, until it gradually declines and then ends. 

 

The second type of archaeological information that is included in all the models presented in this 

volume is the relative sequence of deposits provided by stratigraphy. The sites have no great 

depth of stratigraphy, but features frequently intercut, and most often we selected samples from 
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settlement features that had been cut by later burials. Stratigraphy, of course, provides a relative 

sequence of excavated deposits, and radiocarbon dating provides dates for samples. 

Consequently, for it to be valid to use a sequence derived from stratigraphy to constrain the 

calibration of radiocarbon dates in a Bayesian model, it is essential that the carbon in the sampled 

material was in equilibrium with the atmosphere at the time the deposit was formed. This has 

significant implications for what constitutes suitable material for sampling (see below). 

 

At Alsónyék, constraints provided by stratigraphy add precision to the model without the need 

for additional radiocarbon dates. This is true of many sites, although in some instances, for 

example when a site falls on a plateau in the radiocarbon calibration curve, stratigraphy is 

essential in obtaining precise chronologies (see BAYLISS ET AL. 2014). Incorporating as many 

such relationships as possible into the models is thus cost-effective. It is even more so if samples 

can be selected to constrain the calibration of existing dates (as was done in selecting samples 

from Starčevo features stratigraphically related to burials that had already been dated by the 

aDNA project) or to contribute towards more than one objective (as was done when samples 

from Lengyel settlement features were cut by graves containing diagnostic Lengyel ceramics).  

 

The third type of archaeological information is that derived from the typological sequence of 

things. In the case of the Starčevo ceramics, this was a series of typological style groups whose 

chronological significance was uncertain at the time of sample submission (OROSS ET AL. this 

volume (a), p00). In the case of the Lengyel cemetery, this was the seriation by correspondence 

analysis of the occurrence of pottery types in grave-assemblages. At the time of sample 

submission, work on this correspondence analysis was just beginning but, based on the success 

of previous work on similar material (ZALAI-GAÁL 2002; 2010), it was anticipated that a seriation 

of selected Lengyel grave-assemblages at Alsónyék, including those sampled for radiocarbon 

dating, would be available by the time the first round of radiocarbon results were due to be 

reported. 

 

Potential samples 

With the advent of radiocarbon dating by Accelerator Mass Spectrometry (AMS), the concept of 

a radiocarbon sample fundamentally changed. The required sample size is now so small (one 

carbonised cereal grain or ca. 1.0g of human or animal bone) that it is physically possible to 

obtain a radiocarbon measurement on almost any organic material that is recovered during 
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fieldwork. The question then was which of the thousands, if not millions, of potential samples 

retrieved from Alsónyék should be selected for dating. 

 

We started to narrow down the pool of potential samples by only considering materials that meet 

three essential criteria: 

 

1. the carbon in the sampled organism must be in equilibrium with the carbon in the 

atmosphere (or some other well-characterised reservoir) at the time when the organism 

died. 

 

2. the sample must not be irretrievably contaminated by any other carbon-containing 

material. 

 

3. the datable material must be unequivocally associated with the archaeological activity that 

is of interest. 

 

Given the ongoing post-excavation analysis at Alsónyék, a fourth criterion intruded in practice: 

that the material had to be available for sampling. This meant, for example, that no charred plant 

remains, including charcoal, could be dated. Although soil samples were collected during the 

excavation from many features (including features, such as ovens, where the charred plant 

remains could be considered to have a strong functional relationship with the excavated deposit), 

flotation has so far been undertaken of only some of the soil samples and the resultant flots are 

still being analysed. It was also not possible to find carbonised food crusts on any of the pottery 

that could date its use. The ceramics from the settlements had been washed during excavation by 

conscientious site workers, who appear to have removed almost all charred residues that may 

have once existed. Only a proportion of the pottery from the graves had been cleaned, by the 

specialists who reconstructed the vessels, but again charred food crusts were not found (this is 

not unexpected, as charred residues usually occur on cooking vessels). 

 

Given these practical constraints, our sampling programme for radiocarbon dating concentrated 

on animal and human bone. 

 

Bones from terrestrial herbivores (such as cattle, deer and sheep) are in equilibrium with 

atmospheric carbon through the plants they eat, and so constitute ideal samples for radiocarbon 
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dating. Bone collagen from terrestrial omnivores and carnivores (such as pigs, dogs and humans) 

derives from food that potentially comes from a mixture of sources, not all of which may be in 

carbon equilibrium with the atmosphere.  

 

Consumption of marine resources adds a component of older carbon to an individual since, 

although 14C from the atmosphere is absorbed into the surface ocean within a few years of its 

production (CRAIG 1957), this is diluted by the upwelling of radiocarbon-depleted water from 

the deep oceans (MANGERUD 1972). Both direct radiocarbon measurements and global 

modelling of the surface ocean suggest that its apparent age is in the order of 400 radiocarbon 

years (BROECKER ET AL. 1960; STUIVER / BRAZIUNAS 1993), although the variation is such that 

local corrections are essential (http://calib.qub.ac.uk/marine/). Distance from the sea (over 400 

km) presumably precludes the consumption of a significant component of marine fish by the 

Neolithic community and its commensals at Alsónyék, although some marine organisms such as 

Spondylus shells were present. 

 

Reservoir effects have also been observed in freshwater environments, where molluscs and 

submerged aquatic plants can take up dissolved carbonate from the water (DEEVEY ET AL. 1954). 

This is known as the ‘hard-water effect’ and, because the carbonate derives from rocks, such as 

limestone, which were laid down so long ago that all the radiocarbon in them has decayed away, 

it always makes a radiocarbon sample from such freshwater environments appear older than a 

contemporary terrestrial sample. There are two important points to note about this type of 

reservoir effect. First, it affects not only organisms, such as submerged aquatic plants, which 

metabolise carbon dissolved in the water, but also organisms further up food chains which feed 

on these plants, such as freshwater fish and waterfowl. Secondly, it is locally highly variable. 

Some freshwater aquatic resources can be appreciably depleted in radiocarbon (LANTING / VAN 

DER PLICHT 1998; COOK ET AL. 2001; 2002; CULLETON 2006; ASCOUGH ET AL. 2007; SHISHLINA 

ET AL. 2007). Others, however, appear to have radiocarbon contents in equilibrium with the 

atmosphere (BEAVAN ATHFIELD ET AL. 2001; LILLIE ET AL. 2009). (There are a number of other 

local situations in which reservoir effects can be found in archaeological materials. These include 

the incorporation in samples of old carbon from humic acids produced by ancient peat beds and 

the incorporation of geological-age carbon from artesian springs or out-gassing volcanoes 

(TAYLOR / BAR-YOSEF 2014, 150–5). Estuaries exhibit particularly complex reservoir ages, as the 

marine reservoir mixes with freshwater bodies each with a locally-specific carbon reservoir.)  
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The consumption of appreciable quantities of freshwater resources from the Danube and its 

wetlands at Alsónyék is certainly possible. Moreover, a significant freshwater reservoir has been 

observed downstream in the Danube at the Iron Gates (COOK ET AL. 2001; 2002; BONSALL ET 

AL. 2015). 

 

For this reason, a pilot set of radiocarbon dates was obtained on three ‘perfect pairs’ of 

contemporary human and herbivore bones from Lengyel graves at Alsónyék before sampling 

began in earnest (a fourth ‘perfect pair’ was subsequently obtained from one of the Sopot graves; 

fig. 6). These results are listed in tab. 1. In each case the measurements on the human and animal 

bone are statistically consistent (WARD / WILSON 1978), and so there appears to be no 

measurable freshwater reservoir offset. (Statistically consistent groups of human and animal bone 

have also been reported (RACZKY / SIKLÓSI 2013, table 1) from Copper Age graves in Hungary 

at Hajdúböszörmény-Ficsori-tó-dűlő (VERA-3785, 5370±40 BP and VERA-3788, 5370±45 BP 

(T′=0.0, T′(5%)=3.8, ν=1), and VERA-3787, 5425±35 BP and VERA-3789, 5360±35 BP 

(T′=0.0, T′(5%)=3.8, ν=1)) and Pusztataskony-Ledence Site 1 (Poz-33547–50, 5460±40 BP, 

5490±40 BP, 5420±40 BP and 5420±40 BP (T′=2.2, T′(5%)=7.8, ν=3).)  

 

Whilst the consistency of the radiocarbon results from the ‘perfect pairs’ of contemporary 

human and animal bone that are currently available from the Hungarian Neolithic and Copper 

Age may suggest that the consumption of freshwater resources has not led to a wide-scale 

freshwater reservoir effect in human bone samples, this does not mean that particular individuals 

may not have consumed a larger proportion of such resources and thus exhibit a measurable 

freshwater reservoir effect. The stable isotopic analyses for each individual, which were used to 

estimate the percentage of fish in their diet (see below), attempted to identify and account for 

such individuals. 

 

The second scientific criterion which a sample must meet if it is to be considered suitable for 

radiocarbon dating is that it must not be contaminated by any other carbon-containing material. 

This is impossible in practice as, at the very least, the organic component of groundwater will 

have added contaminants to the sample. Generally, bone is one of the more challenging sample 

types to date accurately as it requires more complex chemical preparation than most other 

sample types routinely submitted for dating by archaeologists (LONGIN 1971; BROWN ET AL. 

1988; BRONK RAMSEY ET AL. 2004a; HIGHAM ET AL. 2006), although the inter-laboratory 

reproducibility on bone measurements undertaken as part of the most recent international inter-
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comparison study is similar to that produced for other sample types (SCOTT ET AL. 2010a; 

2010b). All bones sampled for radiocarbon dating from Alsónyék had been washed in water, 

marked with black indelible ink and stored in plastic bags. No consolidants had been used on any 

of the material. 

 

The final criterion which a potential sample must meet before it can be judged suitable for 

radiocarbon dating is that there must be a clear association between the datable material and the 

archaeological activity that is of interest (WATERBOLK 1971). This relationship, between the dated 

event (such as the death of a cow) and the target event (such as the digging of a refuse pit), is never 

known but is inferred on the basis of archaeological evidence. The basis of this inference, and its 

security, must be specifically considered for every potential sample. The golden rule is that every 

potential sample should be considered residual unless there is a plausible argument showing that 

it was freshly deposited.  

 

The scale of the finds assemblages recovered from Alsónyék enabled us to confine the dating 

programme to samples where the archaeological association between sample and context can be 

inferred with a reasonable degree of confidence. Samples of animal and human bone weighing 

2–5g were taken, usually with a circular dental drill. For animal bone samples, herbivores (cattle, 

aurochs and red deer) were sampled in preference to omnivorous (pig and wild boar) or 

carnivorous (dog) species because of the possibility of freshwater reservoir effects arising from 

diet, as discussed above. 

 

All the human remains sampled were articulated skeletons, probably deposited shortly after 

death in deliberately cut graves (although a few of the Starčevo burials were placed in disused 

ovens). In contrast, after death or slaughtering, animal carcasses are usually processed in some 

way before the bones are finally deposited in the ground. What is important for radiocarbon 

dating is to determine whether a bone was deposited in the feature from which it was recovered 

very soon after the animal’s death, so that the radiocarbon date on the sampled bone accurately 

reflects the age of the feature. Where there is a mixture of earlier animal bones, derived from 

previous activity in that location, the earlier bones must be identified so that they are not 

sampled and provide erroneous dates for the deposit. 

 

When a bone is exposed on the ground surface, over time weathering and other forms of 

environmental and biological erosion cause diagenesis of bone collagen which, in many cases, 
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makes it unsuitable for scientific analyses. Many bones that are buried soon after death, however, 

are in a physical and chemical condition that allows radiocarbon dating but, in order to avoid 

reworked bones from earlier activity, it is necessary to sample articulated skeletal elements (such 

as a cattle limb). To appear articulated, anatomically fitting bones need to have been buried 

together as a coherent part of the carcass with the ligaments and tendons holding the bones 

together. This apposition shows that the bones cannot have been disturbed since deposition and 

that they must have been buried soon after the animal’s death. In this case their association with 

the archaeological context is clear.  

 

Alternatively, the refitting parts of an unfused bone can be dated, usually a long bone of an 

immature individual. A long bone is made up of three main parts: two articular ends (proximal 

and distal epiphyses) and a shaft (diaphysis) in between. The fusion (synostosis) of these elements 

progresses with the individual's age. The cartilaginous epiphyseal plate of immature animals, 

located at the growth section between the diaphyseal and epiphyseal line, is absorbed and 

reconstructed during this process. The surfaces of the epiphyseal cartilage have a characteristic 

pattern. In the case of immature bones this integral cartilaginous part decomposes after the death 

of the individual, thus eliminating the epiphyseal and diaphyseal connection. If the long bone 

was buried when it was complete and it has not been exposed to disturbance later, although 

some soil may get in the place of the thin layer of decomposing cartilage, the surrounding soil 

keeps the diaphyseal and epiphyseal parts together. Thus the unfused surfaces at the ossification 

line keep their sharp characteristic forms. These distinctive epiphyseal and diaphyseal surfaces 

provide evidence that the elements of an unfused bone were buried together even when, as often 

happens, the parts are disturbed during excavation. 

 

These kinds of evidence allow us to infer that a bone sample was deposited in the ground soon 

after the death of the individual, and is clearly associated with the formation of the deposit from 

which it was recovered. The categories of sample in descending order of reliability can be 

summarised as follows (fig. 7): 

 

1a) a complete articulated animal or human skeleton documented as such during excavation 

(fig. 7, 1a). 

 

1b) articulated bones from part of the skeleton of an individual (e.g. a cattle limb), 

documented as such during excavation (fig. 7, 1b). 
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1c) articulating bones of an individual, recognised after the excavations during 

archaeozoological (or more rarely, osteological) investigation (fig. 7, 1c). 

 

1d) unfused bone with refitting unfused epiphysis, recognised after the excavations during 

archaeozoological (or more rarely, osteological) investigation (fig. 7, 1d). 

 

2a–b) unfused diaphysis or epiphysis where an epiphyseal surface retains its characteristic forms 

(fig. 7, 2a–b), suggesting that the epiphysis/diaphysis was present in the ground but lost 

during excavation. 

 

2c) well preserved bone with marks on its surface which suggest that it was articulated with 

an anatomically adjacent bone in the ground (fig. 7, 2c), which was separated on 

excavation. 

 

3a) single bones with a functional relationship to the context from which they were 

recovered (e.g. a wild boar mandible in a grave (fig. 7, 3a). 

 

3b) single bones reliably known to be from a particular feature, providing a terminus post quem 

dating for the filling of the feature (fig. 7, 3b). 

 

At Alsónyék, once features had been identified for potential sampling on stratigraphic or other 

grounds, the faunal assemblage from those features was swiftly scanned to locate material in the 

categories listed above. This strategy was generally successful, and overall 271 of the dated bones 

were classes 1a–d (88%), 28 were classes 2a–c (9%), four were class 3a (2%), and three were class 

3b (1%). 

 

Simulation 

Once the relevant archaeological information has been identified for inclusion in the model and 

a pool of potential samples that are suitable for radiocarbon dating located, then a sampling 

strategy needs to be constructed. This needs to combine these components into a chronological 

model that will achieve the identified objectives of the dating programme in a cost-effective and 

timely manner. Typically there are hundreds, in the case of Alsónyék thousands, of potentially 
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suitable samples for radiocarbon dating. We need to decide how many should be dated and 

exactly which ones. 

 

One tool that can aid us in determining how many samples should be dated, given the prior 

archaeological information that can be included in the model, is statistical simulation (BRONK 

RAMSEY 1998; BUCK / CHRISTEN 1998).  

 

The following information needs to be defined: 

 

• the prior information relevant to the problem that can be included in the model 

 

• the pool of samples which are potentially suitable for dating, and their relationships to 

that prior information 

 

• the error terms which are likely to be returned by the selected radiocarbon facilities, given 

the likely age and material of the samples to be submitted 

 

• a representative range of scenarios for the likely actual calendar dating of the problem 

under consideration 

 

An example is shown in fig. 8, for the Sopot occupation. This simulation model includes the 

archaeological information that all the dates are related (by being on a site whose occupants used 

Sopot pottery). It also includes a stratigraphic relationship between a ditch and two burials which 

are cut into it. The five existing radiocarbon dates (those shown in fig. 5) are included in the 

model, along with a further 11 simulated radiocarbon dates. Simulated dates are produced using 

a process of ‘back calibration’ from samples of known calendar date. For example, if we have a 

sample that actually dates to 4950 BC and produces a measurement with an error term of ±30 

BP, then we can transfer the calendar date through the calibration curve to the radiocarbon age 

scale. Each simulation will produce a slightly different value because of the error term on the 

radiocarbon age but, for example, 4950 BC might produce a simulated radiocarbon age of 

6014±30 BP. This is then calibrated to produce a realistic estimate of the calibrated radiocarbon 

date that would be produced by a sample of this calendar age, given the constraints of the 

simulation model. 
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The simulated dates in fig. 8 have been produced from calendar dates put into the model between 

4950 BC and 4850 BC. From the existing radiocarbon dates (fig. 5) and present understanding of 

the currency of Sopot pottery in south-west Hungary, this is plausible. But of course, we do not 

actually know that this site was used for 100 years between 4950 BC and 4850 BC. It could have 

been used for 50 years between 4950 BC and 4900 BC, or for 100 years between 4900 BC and 

4800 BC, and so on. So, we need to produce a series of simulations for different plausible 

scenarios to see how the model outputs will vary given the actual chronology of the site (could 

we, for example, distinguish a burial ground that was in use for 100 years from one that was in 

use for 50 years with this number of samples?). 

 

This example also illustrates how it is not simply a matter of determining the optimal number of 

samples, and then submitting a selection of the ‘best’ samples identified until this total is reached. 

The relationships between the prior information and the potential samples are vital. In this case, 

two disarticulated animal bones (class 3b from the bottom of the sample hierarchy used at 

Alsónyék) are selected for dating to provide additional stratigraphic constraints on the model.  

 

Simulation models were used for all the sites, and at each stage of sample selection, in the 

applications reported in this volume. These are only a guide to efficient and effective sampling 

strategies, however, and it is essential that the selected samples also meet relevant archaeological 

criteria. In the case of Alsónyék, this meant that the samples: 

 

• were closely associated with activity associated with the relevant diagnostic material 

culture type 

• were spread across the spatial extent of the relevant activity 

• were spread across the typological variation within the relevant diagnostic material 

culture type 

 

Mitigating risk 

In an ideal world, all archaeological samples would date the target event intended and all 

radiocarbon measurements would be accurate to within their quoted uncertainty. The real world 

is not like this. Few radiocarbon samples, and even fewer sampling strategies, are perfect. There 

is always some element of risk in dating a chosen set of samples, which our sampling strategies 

must recognise and attempt to mitigate. 
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At Alsónyék we judged the risks posed by the archaeological weaknesses of our samples to be 

relatively low. Punctilious attention to the association between the selected samples and the 

archaeological material or feature with which they were associated (described in the previous 

section), meant that almost 90% of samples were judged contemporary with their context with 

the highest degree of confidence. This archaeological rigour comes at a price in terms of the 

scientific risks of the programme. 

 

Two major scientific risks were identified for the Alsónyék sampling programme. First was the 

possibility of reservoir effects on radiocarbon dates from human individuals who had consumed 

freshwater fish or waterfowl. Second was the complete reliance on a single datable material — 

bone — and one, moreover, which requires complex chemical pretreatment for accurate dating.  

 

Dietary analysis of human remains 

Although the series of ‘perfect pairs’ of contemporary human and animal samples obtained 

before the main phase of sampling at Alsónyék began (tab. 1; fig. 6) suggested that dietary 

reservoir effects in human bone from the site were probably not widespread, this does not mean 

that particular individuals might not have consumed a larger component of freshwater resources.  

For this reason, source-proportional dietary modelling was undertaken on the basis of carbon 

and nitrogen stable isotopic values, so that mixed-source calibration models could be 

constructed which would account for any potential reservoir effects in particular individuals. 

 

Diet reconstruction for the Alsónyék humans was determined by the Bayesian mixing model 

FRUITS v2.0β (Food Reconstruction Using Isotopic Transferred Signals; FERNANDES ET AL. 

2014). The FRUITS program is the most recent development of mixed-source proportional 

models, which have been employed over the past decade to reconstruct ancient diets. Early 

models, such as ISOSOURCE (PHILLIPS / GREGG 2003), did not incorporate sources of 

uncertainty, such as variations in the isotopic signal within food groups or uncertainty relating to 

a diet-to-consumer offset (FERNANDES ET AL. 2014). The FRUITS program, however, uses the 

isotopic averages of possible food sources and allows the user to define isotopic offsets between 

diet and consumer, the weighting and concentration of food sources, and prior information to 

constrain the calculations of the stable isotope mixing model. FRUITS produces estimates of the 

mean percentage and standard deviation of each food source for a given consumer.  
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For the FRUITS modelling on two diet proxies (δ13C and δ15N) on Alsónyék adult and sub-adult 

humans from the Starčevo, LBK, Sopot and Lengyel sites, we employed the following food 

source data and assumptions in the model. 

 

Three likely food sources were identified for this region. Mean isotope values and analytical error 

means for each food source (tab. 3) were the baseline for a simple FRUITS model where the 

whole food input is considered. Cereal values came from archaeobotanical samples of wheat 

(n=12) and barley (n=6) from Ogrinc and Budja (2005) and emmer wheat (n=1) and barley 

(n=3) from Bogaard et al. (2013). The values for terrestrial animals were from analyses of faunal 

materials in the Lengyel, Sopot and Starčevo sites (tab. 2, except UBA-22012; n=62), and a 

further 27 sets of unpublished results on terrestrial faunal from Alsónyék, which were kindly 

provided by the Bioarchaeology Workgroup Mainz. The values used for freshwater fish were 

from archaeological samples from Nehlich et al. (2010; n=3), Borić et al. (2004; n=12), samples 

from Alsónyék measured as part of this project at the University of Otago (tab. 2; n=4), and a 

further six sets of unpublished results on freshwater fish from Alsónyék, which were kindly 

provided by the Bioarchaeology Workgroup Mainz. Mean isotope values and analytical error 

means for each food source (tab. 3) were the baseline for a simple FRUITS model where the 

whole food input is considered. The isotopic offset between diet and consumers used for δ13C 

was 4.8± 0.2‰ (FERNANDES ET AL. 2014), and for δ15N it was 6.0± 0.5‰ (O’CONNELL ET AL. 

2012). This simple FRUITS model also set the weight and concentration of each of the three diet 

sources at 100%.  

 

The FRUITS program allows the user to constrain the calculations by incorporating a priori 

information from the archaeological record. While the consumption of freshwater resources 

from the Danube and its wetlands at Alsónyék is certainly possible, and a significant freshwater 

reservoir is known in the Danube at the Iron Gates (COOK ET AL. 2001; 2002; BONSALL ET AL. 

2015), we suspected that fish played a very small to negligible role in the diet, given the available 

archaeological evidence and the radiocarbon results from the ‘perfect pairs’ of humans and 

terrestrial herbivores (tab. 1). Therefore, our first choice of prior information was to set terrestrial 

herbivores in the diet to be greater than the proportion of freshwater fish. We considered the 

isotopic values from the four human skeletons included in the ‘perfect pairs’, and four additional 

human skeletons which between them exhibited the range of enriched/depleted δ13C and δ15N 

values. Whilst the terrestrial herbivore > freshwater fish prior belief has produced reasonable 

results for three food sources in other Neolithic sites considered in the project, The Times of Their 
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Lives (e.g. at Vinča-Belo Brdo; TASIĆ ET AL. SUBMITTED), at Alsónyék this approach produced 

low percentages of fish (mean 3.4±2.6%), but unreasonably high percentages of cereals (mean 

85.0±5.2%), and very low percentages of terrestrial herbivores (mean 11.6±4.6%) (tab. 4).  

 

The average human adult and subadult δ15N value of 10.1±0.2‰ is in the range for consumers 

with animal products as a substantial proportion of the diet (HEDGES / REYNARD 2007). Given 

that the proportion of fish in human diets was probably small and consequently that fish 

probably contributed little to human nitrogen values, we refine our prior belief to weight the 

terrestrial herbivores as the more likely source of enriched nitrogen values than cereals. The 

model produced mean diet proportions of cereals (47.4%± 1.7%), terrestrial herbivores 

(49.9%±1.8%) and freshwater fish (0.8%±0.8% to 5.2%±4.9%) (tab. 4) which are compatible 

both with the archaeological record and the radiocarbon results from the ‘perfect pairs’.  

 

Mixing models are greatly improved by the use of a third isotope, such as sulphur (δ34S) to better 

define the relative contribution of particular food sources (NEHLICH ET AL. 2010; RICHARDS ET 

AL. 2001; PETCHEY AND GREEN 2005; BEAVAN ATHFIELD ET AL. 2008; PETCHEY ET AL. 2011). 

Alsónyék is one of those cases where a three-isotope approach would be particularly beneficial as 

the carbon and nitrogen isotopic ranges of the possible diet sources are not clearly separated. 

Unfortunately our application for funds to measure a third isotope was not successful. 

 

The δ13C and δ15N values for all human skeletons dated from Alsónyék (except for those from 

infants below three years of age) are given in tab. 5 and illustrated in fig. 9. The dietary source 

estimates for each individual provided by the preferred FRUITS model, which incorporates the 

prior belief that terrestrial herbivores contributed more than cereals, are provided in tab. 5. 

Weighted means have been taken of replicate measurements before inclusion in the analysis 

(WARD / WILSON 1978). A few δ34S values for freshwater fish and human skeletons, obtained as 

part of the initial sampling to test for a significant dietary offset in human burials from the site, 

are also reported in tabs 2 and 5, although these isotopic data have not been used in the dietary 

modelling. 

 

The potential for enriched δ15N values in the three infants under three years of age (OxA-30353–

4, 5603-1398; OxA-27461, 11-272; OxA-27460, 11-228) to reflect a nursing signal is a 

consideration for interpreting the estimates of the dietary source proportions produced by the 
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FRUITS model for these children (as the enrichment of δ15N in the metabolism of breastmilk is 

not included in the FRUITS models described so far).   

 

We examine the possibility that the enriched δ15N in this age group may be a breastfeeding 

signal. There is an enrichment of +2.1‰ in δ15N values of children up to three years old (the 

breastfeeding/weaning age cohort) in comparison to women in the 20–30-year-old age group 

(which we have assumed include females in the reproductive age range) (tab. 6). Unpaired t-test 

results of this nitrogen enrichment are very statistically significant (P=0.0001). There is no 

statistical significance in the difference in δ13C values between these two groups (P=0.6131).  

When infants below the age of three are compared to other children, the δ13C of the infants is 

enriched by only 0.48‰ in comparison to children in the 4–10 years cohort, and enriched by 

0.24‰ in comparison to children aged 11–15 years. However, there are significant differences in 

the δ15N between these cohorts; infants below the age of three years have enriched δ15N values 

over 4–10-year-olds by 2.06‰ (P=0.0174) and over 11−15-year-olds by 2.6‰ (P=0.0045). 

 

But is this enrichment a breastfeeding signal? We employed a variation of the FRUITS model to 

examine this question, informed by previous studies. Nursing and weaning-age children present 

different considerations for diet modelling, as enriched δ15N for these subjects would be 

associated with breastfeeding (JAY ET AL. 2008; FULLER ET AL. 2006) rather than fish or other 

higher protein foods, and the gradual introduction of solids which were commonly cereal gruels 

(FILDES 1986).  

 

We then consider the appropriate isotopic offset to use between mother’s milk and the isotopic 

signal in a breastfeeding child. It is difficult to draw conclusions on breastfeeding signals from 

the enrichment of δ15N in the infants in the Lengyel population as the studied sample consists of 

only two individuals. Fortunately, comparisons of breastfeeding children’s isotopic signature to 

mothers’ are examined in a number of studies (FOGEL ET AL. 1989; RICHARDS ET AL. 2002; 

TSUTAYA / YONEDA 2013), and the variation in this breastfeeding signal/enrichment in δ15N is 

noted to vary between 0.5‰ and 4.4‰ in archaeological populations (WATERS-RIST / 

KATZENBERG 2010). Bone collagen turnover rates of new-born children are rapid, as infant bone 

collagen reflects δ15N breastfeeding signals at 31 weeks (TSUTAYA / YONEDA 2013). Other 

studies in archaeological populations indicate that by 18–20 months these breastfeeding signals 

are waning, which has been interpreted as a weaning signal (FOGEL ET AL. 1989; RICHARDS ET 

AL. 2002).  
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Cereal values in the FRUITS infants model used archaeobotanical stable isotope values as for the 

adults and subadults (as in tab. 3). There are no published values estimating the isotopic values of 

breastmilk, but breastmilk isotopic values would reflect the diet of the nursing mother, as 

breastmilk is essentially the lactating mother’s tissue (SONG 2004, 125). We created an estimated 

breastmilk isotopic signature for modelling nursing/weaning children from the adult female 

population of females in the 20–30-year-old cohort in the complete dataset for Alsónyék. The 

weighted mean isotopic values of 46 females were compared with children under three years, 

who were likely to be within a breastfeeding or weaning stage. The female group had a weighted 

mean for δ13C of −19.9‰±0.2‰ and a weighted mean of 9.9‰±0.3‰ for δ15N. These values 

were used as a proxy for the isotopic values of breastmilk. 

 

Children below the age of three years had a mean δ13C value of −19.7‰±0.2‰ and a mean δ15N 

value of 12.0‰±0.3‰. Infants were depleted in δ13C by +0.2‰ compared to females, and 

enriched in δ15N by +2.1‰. As we do not have any cases where we have both a mother and 

child, we set the FRUITS offsets (the consumer’s trophic enrichment of the metabolised food) 

for the infants at 1.0±0.5‰ for δ13C and 3±0.5‰ for δ15N, following the enrichment factors 

noted between mothers and nursing infants in other studies (FULLER ET AL. 2006; KATZENBERG 

ET AL. 1996; WHITE / SCHWARTZ 1994). The results of the FRUITS modelling for the three 

infants below the age of three are given in tab. 6. 

 

We also examine the possibility of dietary offsets in radiocarbon ages on samples of dog bone, 

using a further FRUITS diet model. The six Lengyel dogs have δ13C values which vary by 1.3‰ 

(−19.2‰ to −20.5‰) and δ15N which vary by 2.4‰ (8.1‰ to 10.5‰). Several assumptions have 

been made which contrast with the inputs for the models of adult and infant human diets at 

Alsónyék. These canines were commensals of the human population, and so would have 

subsisted on human food waste, yet cereals would have probably played a negligible part of dog 

diets. Therefore, we have used only the terrestrial herbivore and fish baseline isotope values from 

tab. 3. We also assume that the enrichment factors (offsets) for dogs are not similar to humans, 

based on trophic enrichment estimations of Roth and Hobson (2000) on captive foxes, and the 

application of these values in the work of Urton and Hobson (2005) on grey wolf diets. These 

diet-to-consumer enrichment values are 2.6±0.5‰ for δ13C and 3.4 ± 0.5‰ for δ15N. As 

FRUITS estimates for human diets indicated that fish were not an important part of human 

diets, we asked FRUITS to weight the protein contribution in favour of the terrestrial herbivore 
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diet source, with a prior belief that the δ15N signal derives more from terrestrial than freshwater 

fish. The weight and concentration of the two diet sources were set at 100%, following 

Fernandes et al. (2014) for unrouted diet models. 

 

The FRUITS modelling suggests that freshwater foods provided a very low proportion of diet 

amongst adult and sub-adult humans at Alsónyék, generally well under 5% (tab. 5), and 

consequently also in infant diets (tab. 6). Freshwater resources may have played a greater part in 

canine diets (tab. 7). FRUITS estimates for Lengyel dogs (tab. 7) show that terrestrial herbivores 

make up 50±23% to 91±9% % of canine diets, with a freshwater fish contribution from a low of 

9±9% to a high of 50±23%. The percentage of fish appears to be driven by the δ15N values, as 

illustrated in fig. 10. Given that negligible fish is estimated in human diets, the high estimates of 

fish in dogs suggest that fish may have been considered as dog food.  

 
Nonetheless, even small proportions of freshwater foods could impart a slight reservoir age to 

the dated individuals, so we have constructed chronological models that allow for this possibility. 

Bonsall et al. (2015) have calculated a freshwater reservoir effect of 540±70 BP for the Danube 

at the Iron Gates Gorge. So we can use this reservoir, offset from the atmospheric calibration 

dataset (REIMER ET AL. 2013), and the Mix_Curves function of OxCal v4.2 (BRONK RAMSEY 

2001, amended following JONES / NICHOLLS 2001). For each dated human individual (and dog), 

a personal calibration curve can be constructed, which incorporates the freshwater reservoir in 

the proportion suggested by the dietary estimate for freshwater fish provided by the appropriate 

FRUITS model in that particular individual (tabs 5 and 7). For infants, we have multiplied the 

proportion of breastmilk in that individual (tab. 6) by the proportion of freshwater resources 

estimated by the adult human FRUITS model for the mean isotopic values for nursing mothers 

(1.87±1.84%). So, for example, OxA-27471 (11-1937) can be calibrated using a calibration curve 

including a component of 2.7±2.6% freshwater fish (note that the proportion of any curve is 

constrained to be 0–100%). The remainder of diet sources will be in equilibrium with the 

contemporary atmosphere and have been calibrated using IntCal13 (REIMER ET AL. 2013).  

 

In no case does the mixed-source calibration based on the FRUITS modelling make a 

substantive difference to the outputs of the chronological models for Alsónyék presented 

elsewhere in this volume. 

 

Although the main focus of the stable isotope analyses presented here was as part of the 

construction of an accurate and precise chronology for the Alsónyék sites, these data are of 
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importance for their wider contribution to our understanding of the communities who lived in 

them. We consider two points briefly here. 

 

The Starčevo, LBK, Sopot and Lengyel sites represent a progression in time from the first 

farmers in Transdanubia to an established agricultural subsistence base. The distribution of the 

human isotope values through time shows slight shifts in human isotopic values to reflect a 

dietary change which resulted in small enrichments of 13C and 15N over time (fig. 11). The 

enrichment of 15N over time may be associated with an increase in the amount of animal 

products (including an increase in the consumption of dairy products; SPANGENBERG ET AL. 

2008; EVERSHED ET AL. 2008; SALQUE ET AL. 2013) as well as the manuring practices employed 

by Neolithic farmers which would increase 15N values in cereal crops (FRASER ET AL. 2013; 

BOGAARD ET AL. 2013; BOGAARD 2012; BOGAARD ET AL. 2007).  

 

Other isotopic comparisons enhance our understanding of dietary differences within a 

population and through time. Statistical comparisons use t-tests with a Welch correction for 

comparisons of normally distributed populations with different standard deviations, and Mann-

Whitney tests for non-parametric population comparisons (CONOVER 1980, 225–6). The LBK 

individuals are represented by just two older adults and two children over five years old and so 

has too few individuals (n=4) for meaningful statistical comparisons to be made. 

 

The latest, Lengyel site shows enrichment in δ13C values over the preceding, Sopot site (+0.65‰, 

Mann-Whitney two tailed, P=0.0004) and the earliest, Starčevo site populations (+0.94‰; 

(P=0.0001)). Lengyel δ15N is also significantly enriched over the earlier Sopot site by +0.75‰ 

(Mann-Whitney two tailed, P=0.0042), although the δ15N enrichment is not quite statistically 

significant (+0.48‰; t-test with a Welch correction, P=0.0534) over the Starčevo site. 

 

The Lengyel site offers the largest dataset (n=153, plus two children aged under three years), 

allowing us to examine dietary differences between different age cohorts within the Lengyel 

population. The overall mean δ13C value for Lengyel burials is −19.8±0.6‰ and, with the 

exception of a few individuals whose isotopic signature are outliers to this pattern, no age group 

notably varies from the mean (fig. 12 (a)). The overall mean δ15N value is 10.2±0.6‰. However, 

differences in individual isotopic profiles reveal how varied a population’s dietary preferences 

may have been. The variation of minimum and maximum values for a specific isotope within 

each age group (fig. 12 (a) and (b)) is the greatest in the 31–45-years cohort (4.2‰ variation in 
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δ13C; 2.6‰ in δ15N) and the 45+ cohort (4.6‰ variation in δ13C; 1.6‰ in δ15N). Differences in 

the 31–45-years cohort are more likely due to individual dietary preferences, whereas in the 45 

year+ population, aging and pathology-influenced isotopic fractionation (REITSEMA 2013) are 

also possible contributing factors. 

 

Cross-checking for laboratory error 

The second major risk identified for the sampling strategies designed for the Alsónyék sites was 

the complete reliance on a single datable material — bone. Moreover, this is a material which 

requires complex chemical pretreatment for accurate dating. 

 

Once results have been reported, the coherence of a suite of related radiocarbon dates can be 

assessed for evidence of clear outliers or misfits, and a series of results on samples from an 

archaeological sequence (such as stratigraphy) can be compared with the relative chronology 

provided by that archaeological information. How this is done is described below (p00). 

 

A third method for ensuring against laboratory error is replication. This is where a sample is split 

into several parts and dated more than once, either by the same laboratory or by different 

laboratories. All five radiocarbon laboratories that dated samples from Alsónyék maintain 

continuous programs of internal quality control, and also take part in international 

intercomparisons (SCOTT ET AL. 2010a; 2010b). One common method of intra-laboratory quality 

control is to undertake replicate measurements on a random basis. These replicate measurements 

are not usually reported, although those produced at the Oxford Radiocarbon Accelerator Unit 

for the sites on this project are included in tab. 8. Further replicate measurements are available on 

samples that have been dated by two different laboratories (tab. 8). 

 

Twenty-five replicate groups are included in tab. 8, including one sample that has been dated four 

times. Twenty-three of these groups are statistically consistent at 95% confidence, with the other 

two being statistically inconsistent at 95% confidence, but consistent at 99% confidence (WARD 

/ WILSON 1978). This scatter is in line with statistical expectation. The offsets between the pairs 

of measurements are shown in fig. 13. These scatter around zero, suggesting that there is no 

detectable bias between laboratories. 

 

No fewer than 77 replicate pairs of δ13C and δ15N measurements are available (tabs 2 and 5–7). 

Sixty-nine of the pairs of δ13C values are statistically consistent at 95% confidence, with a further 
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five being statistically inconsistent at 95% confidence, but consistent at 99% confidence (WARD 

/ WILSON 1978). This is again in line with statistical expectation, although there are also two 

clear misfits. (One of the δ13C values for 5603/2-464 and one of the δ13C values for 5603-

2360/8759 are probably erroneous, although it is not possible to determine which one as all 

values lie within the expected range for the dated material.) The offsets between the pairs of δ13C 

measurements are shown in fig. 14. This graph shows that there may be some bias between 

laboratories in δ13C, although this is probably of less than the quoted errors at one standard 

deviation. Seventy-one of the pairs of δ15N values are statistically consistent at 95% confidence, 

with a further five being statistically inconsistent at 95% confidence, but consistent at 99% 

confidence (WARD / WILSON 1978). This is again in line with statistical expectation. There is one 

pair which differs to a greater extent, although one of these values may simply be an extreme 

outlier. The offsets between the pairs of δ15N measurements are shown in fig. 15. These scatter 

around zero, suggesting that there is no detectable bias between laboratories in the measurement 

of δ15N. 

 

This replicate analysis demonstrates the reproducibility of the published radiocarbon and stable 

isotopic measurements from Alsónyék. As reported below, however, the protocols described in 

this section identified a technical problem with some of the results in an initial batch of 

measurements from the Lengyel cemetery reported by the 14CHRONO Centre, Belfast. This 

enabled us to withdraw the affected measurements and re-date the samples where appropriate. 

Perhaps more importantly, the laboratory was able to resolve this issue swiftly. 

 

Sampling in practice at Alsónyék 

Following the results of the pilot series of radiocarbon dates on ‘perfect pairs’ of human and 

animal bone samples from the same grave (tab. 1), it was apparent that human bone from the 

Lengyel burials was not subject to wide-scale freshwater reservoir effects. Free of this 

complication, sampling began in earnest with the submission of first sets of samples from the 

Lengyel and Sopot burials in the autumn of 2012. 

 

Approximately 20 graves from each of the three excavation areas of the Lengyel site were 

submitted for dating to investigate questions relating to the overall use of the site and the 

potential for its growth and spatial development over time. Most samples came from skeletons 

buried with grave assemblages which were likely to fit into the site seriation of Lengyel ceramics 

that was under construction at this time. In addition to these a selection of graves were sampled 
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where the skeletal remains showed signs of pathology, or the burial rite was outside of the norm. 

The initial sample selection was informed not only by the overall spread of the graves across the 

site, which we attempted to keep relatively even, but also by the preliminary analysis that had 

been made on the grave goods in advance of more detailed seriation work, to ensure that we 

were incorporating graves covering the suspected chronological range. In the end, 95 samples 

were submitted as part of the initial sampling rounds, with all but 17 providing results (5603=23; 

11=28; 10B=27). 

 

Eight samples were also submitted for dating from the Sopot burial ground in the autumn of 

2012. These samples were from the ditch that was cut by the graves dated by MAMS-14813 and 

MAMS-14815 (figs 5 and 8), the ‘perfect pair’ from grave 5603/2-475 (fig. 6), and an intercutting 

sequence of three burials, 5603/2-476, which cut 5603/2-464, which cut 5603/2-475. 

 

No replicate samples were included in this round of sample submission. Partly this was so that 

replicates could be chosen later in the programme where they could be targeted on deposits 

where additional precision would be welcome (thus refining the site chronology, in addition to 

their quality assurance role), but mostly this was because we expected a site seriation of the 

ceramics to be available by the time the results were reported which would provide a relative 

sequence for many of the burials that could be used to cross-check the radiocarbon dates. 

 

The results from this round of sample submission were reported in the spring of 2013, and 

preliminary modelling was undertaken. This modelling raised concerns about the comparability 

of the results reported by the Belfast and Oxford laboratories, with a proportion of the results 

on bone from Belfast appearing to be offset towards slightly more recent ages, although no 

offset was apparent in the laboratory bone standards (VIRI samples; SCOTT ET AL. 2010a; 

2010b).  The initial results from the three intercutting graves from the Sopot burial ground were 

incompatible with the recorded stratigraphy, with a Belfast result from the stratigraphically 

earliest burial (5603/2-476) being several hundred years later than the results (from Oxford and 

Belfast respectively) from the two overlying burials. The result from 5603/2-464 was, however, 

much earlier than was expected on archaeological grounds.  

 

The second series of samples, submitted for dating in the summer of 2013, included a series of 

nine replicate samples intended to investigate this suspected issue. 
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The initial modelling suggested that Lengyel burial in subsite 10B at Alsónyék probably covered 

only part of the suspected currency of Lengyel pottery in Transdanubia (although there might be 

sporadic later graves), but that burial in subsite 11 probably covered a greater time span, and that 

burial in subsite 5603 went on for longest of all. It seemed that particular grave groups might 

have been used for relatively restricted periods within the use of each area of the site. 

Consequently, the second set of samples for the Lengyel site focused more intently on specific 

grave groups to answer or clarify questions relating to the timing or temporality of each group or 

a specific artefact type. Potentially later graves, those that contained copper artefacts, especially 

heavy arm rings and multi-row necklaces, were also targeted. A satistifactory site-based seriation 

of the ceramics in Lengyel graves had still not been produced, although it had been extended by 

inclusion of a sample of graves from subsite 11. The longer timespan suggested by the 

preliminary modelling of subsites 11 and 5603, however, suggested that sufficient variation was 

likely to exist for this to be possible. A new typology and seriation of stone axe types were also 

under construction (ZALAI-GAÁL ET AL. 2014a), and some additional samples came from graves 

containing diagnostic stone axe-heads. A total of 37 further samples were submitted in the 

second round, all to the Oxford Radiocarbon Accelerator Unit. 

 

The first samples were also submitted from the Starčevo and LBK sites in the summer of 2013. 

On the Starčevo site the samples came from settlement features containing diagnostic 

assemblages of the identified ceramic style groups, as far as possible from features which were 

cut by burials that had already been dated as part of the aDNA project. The samples from the 

LBK settlement derived from the long pits of houses that were laid out in a row-like 

arrangement, or from long pits from houses adjacent to these, and from burials that cut the 

sampled long pits. In both cases, the minimum number of samples was submitted that would 

produce the desired precision (as determined by the simulation models), given the expected date 

ranges of these sites. Samples were submitted to the Oxford Radiocarbon Accelerator Unit and 

the Scottish Universities Environmental Research Centre. 

 

The replicate measurements were reported in the autumn of 2013, with the results reported by 

Belfast being more than 3σ younger than those from Oxford on slightly more than half the 

samples. Since it was not possible to know which of the Belfast ages were anomalously recent, 

regretfully, we decided that all the results reported by the laboratory in the spring of 2013 should 

be withdrawn. Further replicate material was, however, submitted to aid in the resolution of the 

technical problem. 
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Unfortunately, by the spring of 2014, it had become clear that this issue persisted. The second 

stage of interim modelling, undertaken using the results reported by Oxford in the spring and 

autumn of 2013, made it clear that the majority of burial had occurred in a concentrated span of 

little more than a century. This explained why there was insufficient variation in the ceramics in 

the grave-assemblages from subsites 10B and 11 for a viable site-based seriation. The spatial 

extent of this seriation, and the radiocarbon dating programme associated with it, was 

consequently extended to cover Transdanubia and areas further north, and will be reported 

elsewhere (see ZALAI-GAÁL ET AL. 2014b). Given the short duration of the burial activity, which 

meant that further samples would do little to refine our understanding of the chronology of the 

site, the third set of samples for the Lengyel cemetery was confined to repeat of a sub-set of the 

sample originally dated at Belfast by another laboratory. A total of 31 samples were submitted to 

the Scottish Universities Environmental Research Centre. 

 

The sampling of the Lengyel settlement at Alsónyék was also undertaken in the spring of 2014, 

in an attempt to discern whether there was any chronological difference in the use of the three 

areas for settlement or burial activity. Articulating and articulated animal bone samples were 

selected from pits that were spread across the site, had close associations with individual houses 

and had stratigraphic relationships with other pits or human burials. A total of 77 samples were 

dated at the Scottish Universities Environmental Research Centre and the Curt-Engelhorn-

Zentrum Archäometrie, Mannheim (including eight replicate samples).  

 

By the autumn of 2014, the technical issue at the 14CHRONO Centre in Belfast had been 

resolved. A slightly revised protocol for bone pretreatment was adopted (for samples UBA-

24991 and above; REIMER ET AL. 2015), and four statistically consistent results on samples that 

had already been dated at Oxford were reported (tab. 8; fig. 13). 

 

The final round of sampling was undertaken in the winter of 2014. Small numbers of additional 

samples were submitted from the Starčevo and LBK sites, largely to replace samples that had 

failed. These samples were sent to the Scottish Universities Environmental Research Centre and 

the Poznań Radiocarbon Laboratory.  

 

Final modelling was undertaken over the spring and summer of 2015. 
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This narrative is important because it explains how the iterative approach to sampling, 

radiocarbon dating and modelling shown in fig. 3 worked in practice. It explains how the 

radiocarbon dates for each site were assembled.  

 

The sample for the Lengyel cemetery is not ideal, as the selection of samples in the summer of 

2013 was based on a preliminary model which gave an exaggerated idea of the duration of the 

cemetery because it contained a proportion of dates that were subsequently withdrawn. If the 

short duration of burial, particularly in subsite 10B, had been apparent at this time, the 

concentrated sampling of particular grave groups in an attempt to untangle their chronological 

relationships would not have been undertaken. As it is, the sample of radiocarbon dates from 

these grave groups is out of proportion with the overall span of the cemetery. This has affected 

the approach taken to modelling the chronology of this cemetery (OSZTÁS ET AL. this volume 

(b), 00). 

 

The sample for the LBK settlement is also not ideal, but this is because samples suitable for 

radiocarbon dating were surprisingly scarce and the preservation of collagen in the bones that 

were submitted for dating was surprisingly poor. 

 

Radiocarbon dating 

All samples were of animal or human bones and were prepared using gelatinisation and 

ultrafiltration (BROWN ET AL. 1988; BROCK ET AL. 2010). Samples were then combusted, 

graphitised and dated by Accelerator Mass Spectrometry (AMS). Methods differ slightly 

according to the preferences and available equipment in different laboratories.  

 

The 128 samples dated at the Oxford Radiocarbon Accelerator Unit (OxA-) were gelatinised and 

ultra-filtered as described by Brock et al. (2010), combusted and graphitised (DEE / BRONK 

RAMSEY 2000), and dated by AMS (BRONK RAMSEY ET AL. 2004b). The 99 samples dated at the 

Scottish Universities Environmental Research Centre (SUERC-) were similarly gelatinised and 

ultra-filtered as described by Brock et al. (2010), combusted to carbon dioxide (VANDEPUTTE ET 

AL. 1996), graphitised (SLOTA ET AL. 1987), and dated by AMS (FREEMAN ET AL. 2010). The 56 

samples dated at the Curt-Engelhorn-Zentrum Archäometrie, Mannheim (MAMS-) were 

prepared by gelatinisation and ultra-filtration (BROWN ET AL. 1988), combusted in an elemental 

analyser, graphitised and dated by AMS (KROMER ET AL. 2013). The nine samples dated by the 

Poznań Radiocarbon Laboratory (POZ-) were gelatinised and ultra-filtered (BROWN ET AL. 
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1988), combusted and graphitised (CZERNIK / GOSLAR 2001), and dated by AMS (GOSLAR ET 

AL. 2004). The four results reported from the 14CHRONO Centre, Belfast (UBA-) underwent 

the revised bone pretreatment protocol adopted in Belfast (for samples UBA-24991 and above), 

were graphitised using zinc reduction (SLOTA ET AL. 1987) and dated by AMS (REIMER ET AL. 

2015). 

 

The δ13C and δ15N measurements reported for these samples were obtained by Isotope Ratio 

Mass Spectrometry (IRMS) on the gelatin extracted for dating. At Oxford δ13C and δ15N were 

measured by a mass spectrometer attached directly to the CN analyser used to combust the 

samples to carbon dioxide. At SUERC δ13C and δ15N samples were prepared and analysed as 

described by Sayle et al. (2014). Sub-samples of the dated gelatin prepared at MAMS- were 

analysed for δ13C and δ15N at the Isotrace facility, University of Otago Chemistry Department, 

using methods outlined by Beavan Athfield et al. (2008, 3). Sub-samples of the dated gelatin 

prepared at Poznań were analysed for δ13C and δ15N at the Institute of Geological Sciences, 

Polish Academy of Sciences, Warsaw. Samples were wrapped in tin foil, combusted at 1020°C, 

and their stable isotopic composition determined using a Thermo Flash EA 1112HT elemental 

analyser connected to a Thermo Delta V Advantage Stable Isotope Ratio Mass Spectrometer. 

Sub-samples of collagen prepared at Belfast were sealed in tin foil capsules and analysed using a 

Thermo Delta V Advantage Stable Isotope Ratio Mass Spectrometer with Flash EA. Additional 

stable isotopic measurements reported from the Bioarchaeology Workgroup Mainz were 

obtained as described by Knipper et al. (2013). 

 

Model construction and calculation 

After each set of results is returned, chronological models are constructed to provide an 

indication of how the data so far gathered achieve the objectives of the dating programme. In 

theory, this is a simple process — the archaeological prior information identified during the 

sampling process is combined with the radiocarbon dates reported from the samples that have 

been selected and dated in relation to that prior information (figs 2–3). In practice, it is rarely 

simply a matter of replacing the simulated ages input into the simulation models during the 

sample selection process with actual radiocarbon ages. Almost always elements of the model will 

conflict with one another, and thus Wylie’s (2002, 162–3) ‘dynamic judgements and revisions’ are 

required to resolve the disparate strands of evidence.   
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In principle, once the model has been defined, the posterior beliefs can be calculated using 

Bayes’ theorem (fig. 2). In practice, however, almost all chronological models have so many 

independent parameters that the number of possible outcomes to consider at a useful resolution 

makes such a calculation impractical. For this reason, Markov Chain Monte Carlo (MCMC) 

methods are used to provide a possible solution set of all of the parameters of the model.  

 

MCMC methods simulate a stochastic process in which future states are independent of past 

states given the present state. This means that each iteration of the algorithm is random and 

retains no memory of where it has been. It allows us to infer quantities of interest of a 

distribution from simulated draws from that distribution, although very large numbers of draws 

are required to generate a representative solution (see BRONK RAMSEY 2009a, 353). The Monte 

Carlo sampling process allows OxCal to ‘sample’ the prior probability distributions (i.e. usually 

calibrated radiocarbon dates), and then attempt to reconcile these distributions with the prior 

beliefs included in the model, by repeatedly sampling each distribution to build up a set of 

solutions consistent with the model structure. The probability of a particular solution appearing 

in the MCMC analysis should be directly proportional to its probability as defined by the 

posterior probability density. In OxCal v4.2, this is done using the Metropolis-Hastings 

algorithm (GILKS ET AL. 1996). 

 

In most cases a representative solution can be generated by this method, although, because a 

sampler is employed, each solution will be very slightly different. In practice, this means that 

every run of a model produces slightly different results, and so Highest Posterior Density 

intervals can vary by 5 years, when rounded outwards to the nearest five years, simply based on 

the solution of the model. 

 

The MCMC algorithm should eventually give representative posterior distributions. If there are 

too few iterations in the analysis, the resulting probability distributions will usually be noisy and 

will vary from run to run. The degree to which a truly representative solution set has been 

generated is called ‘convergence’. The verification of convergence in models which employ 

MCMC sampling is not straightforward and a number of diagnostic tools have been proposed 

(COWLES / CARLIN 1996). That employed in OxCal is described by Bronk Ramsey (1995, 429). 

 

The convergence integral used in OxCal has a critical value of 95%, and models which fail to 

pass this threshold may be unstable and their outputs should be regarded with the utmost 
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caution (BRONK RAMSEY 1998, 469). The program attempts to produce stable models by 

increasing the number of passes the MCMC sampler calculates each time the convergence value 

falls below 95%. In an attempt to ensure stable outcomes, in this project all models described in 

this volume have been calculated using a minimum of 20 million passes (and at a resolution of 

one year).  

 

Model validation 

Stability of the model outputs is not the only criterion which models must satisfy to be 

believable. We also need to consider whether the two components input into the model, the 

‘prior beliefs’ and the ‘standardised likelihoods’, are compatible.  

 

At present the validation of Bayesian models is an inexact science, although several statistical 

approaches have been developed which can assist in the identification of incorrect models and 

incompatible prior beliefs and standardised likelihoods. Statistics alone cannot be relied upon to 

identify all the incorrect components of a model, and archaeological critique of the character and 

context of the dated material and scientific understanding of the complexities of radiocarbon 

dating are key elements in model validation. At Alsónyék, we have employed two alternative 

statistical approaches for assessing the compatibility of the components of a model, both 

provided with OxCal v4.2.  

 

The first method utilises diagnostic statistics provided with OxCal v4.2 called agreement indices 

(BRONK RAMSEY 1995, 429; 2009a, 356–7) to aid in the validation of models. These are not 

derived from a formal statistical approach and have the disadvantage that there is no theoretically 

defined cut-off applicable in all cases, but they do have the advantage that the model itself is not 

affected by the calculations. They are also easy to calculate and have proved useful and robust in 

practice for a wide range of case studies (e.g. BAYLISS / WHITTLE 2007). 

 

The individual index of agreement (A: BRONK RAMSEY 1995, 429) provides a measure of how 

well the posterior distribution (i.e. that incorporating the prior information and shown in black in 

fig. 4) agrees with the prior distribution (i.e. the calibrated date, or standardised likelihood, shown 

in outline in fig. 4); if the posterior distribution is situated in a high-probability region of the prior 

distribution, the index of agreement is high, and if it falls in a low-probability region, it is low. 

Most individual indices of agreement in a model should be above 60 (a threshold value obtained 

by simulation). Usually those that fall below this level are statistical outliers, although a very low 
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index of agreement may suggest that a particular component of the model is wrong and needs 

further examination.  

 

An overall index of agreement is then calculated for the model from the individual agreement 

indices, providing a measure of the consistency between the prior information and the scientific 

dates (Amodel: BRONK RAMSEY 2009a, 357). Again, the model index of agreement generally has 

a threshold value of 60, and models which produce values lower than this should be subject to 

critical re-examination. This statistic is shown in the bottom left-hand corner of the technical 

graphs (e.g. [Amodel: 95]; fig. 4). It should be noted that indices of agreement provide an 

indication of whether the components of a model are compatible; they do not provide a 

quantitative measure of their plausibility. So, for example, a model with an overall index of 

agreement of Amodel: 120 is no more plausible than one with Amodel: 80 (although both are 

more plausible than one with Amodel: 50). 

 

Having identified problems with particular dates, or with particular components of a model, 

these need to be resolved. Sometimes this may involve a reassessment of elements of the prior 

archaeological information included in the model. For example, the radiocarbon dates from 

graves 5603/2-475 and 5603/2-464 in the Sopot site were incompatible with the recorded 

stratigraphy, which led to a reassessment of the archive and subsequently a revision to the 

relative sequence of these burials (OROSS ET AL. this volume (c), 00). 

 

In other cases, single dates need to be reinterpreted individually and handled appropriately. The 

best way of dealing with such dates depends on our assessment of why they are problematic. The 

most common categories are: 

 

• Misfits — dates which do not fit in the expected stratigraphic position, or which are 

inaccurate for some technical reason. Generally, samples which prove to be residual can be 

used as termini post quos for their contexts, but intrusive samples or inaccurate dates need to be 

excluded from the analysis. Into this category fall the five radiocarbon dates on post-Neolithic 

samples from Alsónyék (tab. 9) 

 

• Outliers — the 1 in 20 dates whose true calendar date lies outside the 95% range. These must 

be retained in the model as their exclusion would statistically bias the results. An example is 
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MAMS-11929: Burial 748 (OROSS ET AL. this volume (a), fig. 6), which has an individual index 

of agreement of [A: 55] but is retained in the model 

 

• Offsets — measurements that are systematically offset from the calibration data by a 

knowable amount. Reservoir effects can be accounted for in the calibration process (as has 

been discussed above in relation to a potential freshwater reservoir effect for samples from 

human and dog skeletons) 

 

The major advantage of the individual agreement indices provided by OxCal (BRONK RAMSEY 

1995, 429) is that they identify potential mismatches between components of a model without 

affecting the outputs of the model. This allows us to deal with each case individually, using our 

archaeological judgement about the character of particular samples and deposits to decide how 

to include each date in the model depending on its specific characteristics. The major 

disadvantage of this approach is that the indices of agreement provided by OxCal are not derived 

from a formal statistical approach. This is the approach used for outlier detection by Oross et al. 

(this volume (a), (b), and (c)). 

 

The second statistical approach that we have employed for assessing the compatibility of the 

components of a model is formal statistical outlier analysis (CHRISTEN 1994; BRONK RAMSEY 

2009b). This assumes that we can never really be sure whether any particular measurement is an 

outlier, and so weights each sample according to how likely it is be correct using a model 

averaging approach. In this method each measurement is given a prior probability of being an 

outlier (typically a low probability like 5%) and the date is further down-weighted in the model if 

it is incompatible with the rest of the available information. The output from the model is 

affected by this down-weighting, and in addition to the normal model outputs, a posterior 

probability for the sample being an outlier is also generated. These probabilities are shown on 

the figures so, for example, OxA-27472: 11-679 has a prior outlier probability of 5% but a 

posterior outlier probability of 28% (OSTZÁS ET AL. this volume (b), fig. 15) Either this 

probability can be used to identify outliers and remove them, or the model which incorporates 

outlier weighting can be accepted (BRONK RAMSEY ET AL. 2010). 

 

The advantage of this method is that it is an explicit statistical process; the disadvantage is that it 

may not take account of the archaeological information we may have about the relative strengths 

and weaknesses of particular samples or deposits. It is particularly useful, however, in situations 



37 

 

where we do not have archaeological information about which samples are problematic in a 

model. This is the case, for example, for the Lengyel cemetery and settlement in subsite 10B 

where the issue appears to be that there is infrequent activity earlier and later than the main, 

intense phase of occupation in this area, but there is no way (other than by radiocarbon dating) 

to tell which features and burials may belong outside this phase of concentrated occupation. 

Since in this case we aim to identify samples that are outliers on the calendar scale, we use the 

general outlier model proposed by Bronk Ramsey (2009b, 1028) for the preferred Lengyel 

models presented by Ostzás et al. (this volume (b), figs 12–13, 15–16 and 18–19). 

 

Model comparison 

Having constructed a plausible chronological model, the next step in Bayesian modelling is to 

assess its sensitivity to different aspects of the model being incorrect. This construction of 

alternative models is called sensitivity analysis. One component of a model is changed and it is 

rerun. The posterior density estimates from the original model and its variant are then compared. 

When these outputs are very similar, then the model can be regarded as insensitive to the 

component of the model that has been varied. When the outputs differ markedly, the model is 

sensitive to that component. Sensitivity analyses are useful not only in determining how far the 

outputs of a model are stable, but also help us to identify which components of a model are 

most critical. 

 

For example, the sensitivity analyses incorporating mixed-source calibration for those sites 

whose models include a significant number of radiocarbon measurements on human bone vary 

little from the models calculated using a fully terrestrial calibration, demonstrating that these 

models are insensitive to the technical risk of a freshwater reservoir effect in these samples 

(OROSS ET AL. this volume (a), 00; this volume (c), 00; OSZTÁS ET AL. this volume (b), 00). 

 

Prehistoric histories 

With much more robust estimates of both date and duration, we can begin to write different 

kinds of (pre)histories of the Neolithic. This means we need to configure narrative from 

succession (RICOEUR 1984, 52), using more refined timings and tempo to investigate 

relationships and causation. At Alsónyék we can see diverse communities inhabiting the 

landscape in the first centuries of the fifth millennium cal BC. People probably lived 

contemporaneously in the LBK and Sopot settlements, which were less than 1.5km apart, for 

perhaps 3–5 generations and yet maintained their distinctive ceramic and cultural identities. We 
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also have the big data of extensive excavation to complement our precise timings. This enables 

us to provide quantitative estimates for the intensity of occupation at Alsónyék by spreading the 

estimated number of features in each site or subsite across the period during which it was 

occupied (BÁNFFY ET AL. this volume, fig. 7). 

 

The Lengyel settlement clearly saw a sustained aggregation of the community at an 

unprecedented scale. Our timings allow us to assess the pace of this coming together and the 

subsequent diaspora. And we can estimate the size of this assembly not just on a scale relative to 

earlier Neolithic settlements in this landscape, but on an absolute scale of people. Combining the 

chronologies for different areas of the Lengyel burial ground with formal population estimates 

based on the osteological analysis of the skeletal assemblage, we can not only estimate the 

population of the Lengyel settlement, but track how this changed at a generational scale (BÁNFFY 

ET AL. this volume, fig. 9). Combining the chronologies for different areas of the Lengyel 

settlement with the estimated number of timber houses which each area of the site contained, we 

can estimate how many houses were occupied at any one time, again tracking change at a 

generational scale (BÁNFFY ET AL. this volume, fig. 10). Putting these two estimates together, we 

can even provide formal estimates for the average size of a Neolithic household at Alsónyék 

(BÁNFFY ET AL. this volume, p00). 

 

This illustrates the need to go beyond chronology. A mere recitative of dates treats past events as 

isolated happenings laid out in succession like beads on a string (INGOLD 1993, 157). We need to 

use our new, precise chronologies to reveal the web of connections and successions that made 

up past lives. We need to add plot and context to the chronicle. This is peopling the past. 
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Summary • Zusammenfassung • Résumé 

SUMMARY Imprecise chronology has entailed a fuzzy kind of prehistory. Prehistorians should 

no longer be content with timeframes that employ successive units of 200 years’ or more 

duration, or with slow change over the long term as their dominant chronological and 
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interpretative perspective. The means to get away from very generalised accounts of the past is 

formal chronological modelling in a Bayesian framework. The Bayesian approach in general is 

outlined, with emphasis on its interpretive and iterative nature. The approach combines 

calibrated radiocarbon dates with knowledge of the archaeological contexts from which they are 

derived to produce a series of formal, probabilistic date estimates. Stringent demands are made 

of both the radiocarbon dates and our archaeological understanding of stratigraphy, associations, 

sample taphonomy and context in general. The Bayesian process at Alsónyék involved 

assessment of existing dates, careful definition of aims and objectives, the construction of a 

rigorous sampling strategy, with an explicit hierarchy of suitable samples, precise understanding 

of the contexts from which samples are derived, and simulation to achieve cost-effective use of 

resources. The principal material dated at Alsónyék was human and animal bone. Potential age 

offsets from non-vegetarian diets are carefully considered; ‘perfect pairs’ of human and animal 

bone samples from the same contexts indicate that human bone samples are not subject to wide-

scale freshwater reservoir effects. Dietary inputs are estimated formally using a series of Bayesian 

mixing models. The sequence of iterative sampling submissions between 2012 and 2015 is 

described, and the procedures of the five laboratories involved are detailed. Procedures for 

model construction, validation and comparison are discussed. Finally, we consider how we can 

use precise timings to reveal the web of connections and successions that made up past lives, 

adding plot and context to a more precise chronicle to create narratives for peopling the past. 
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