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Introduction

The paper is organised as follows. In Section 1 (Neo-
lithic Dispersal), we provide an overview of archaeo-
logical research of the Neolithisation process under-
taken in the past decade. As is well known, there is
a strong temporal gradient between the earliest ap-
pearance of Neolithic lifestyles in the Near East and
their spread to other regions (e.g., Europe). Although
contemporary archaeological research is now focuss-
ing on the accompanying economic, socio-cultural
and cognitive transformations, an urgent need re-
mains for continued chronological research.

As we discuss in the first section, we observe an in-
creasingly critical attitude of contemporary research
towards the so-called ‘wave-of-advance’ description
of Neolithic dispersal. We address here the three

main ‘core-elements’ of this widely applied model:
(1) the basic notion that the expansion of farming
from the Near East to Europe can actually be describ-
ed as a continuously advancing cultural-demographic
wave; (2) the specific result that Neolithic lifestyles
expanded from the Near East into Europe with an
average speed of ~1 km/yr; (3) the assumption that
both (1) and (2) are supported by radiocarbon dating.

In Section 2 (Rapid Climate Change – RCC), we ad-
dress some results of ongoing palaeoclimatological
research. We provide an overview both of regional,
mainly lower resolution RCC-records for the Eastern
Mediterranean, as well as global high-resolution re-
cords, with a focus on the time of the Hudson-Bay
outflow. In this section, we also examine some pro-
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blems relating to our previous timing of RCC-periods
(Weninger et al. 2009a). These periods were based
on the temporal distribution and clustering of major
peaks in the Greenland GISP2 [K+]-record (Mayew-
ski et al. 1997). It still now appears possible to de-
fine these periods on a wider scale according to the
(smoothed) Greenland GISP2 [K+]-record (Mayew-
ski et al. 2004). However, a set of historical records
for drought and precipitation anomalies in the East-
ern Mediterranean during the Little Ice Age (LIA)
does not correlate well with the sequence of indivi-
dual peaks in the GISP2 [K+]-record, at least not for
the period 1500–1900 AD. Instead, the two strong-
est [K+]-peaks (~1523 AD and ~1640 AD) are coinci-
dent (within error limits of ~2yrs) with the two
strongest historically documented dust storms in
the north Chinese plains (Hui et al. 2013). In com-
bination, the Eastern Mediterranean and Chinese hi-
storical data agree well with recent meteorological
evidence (Tubi, Dayan 2012) for the existence of
two distinct geographic corridors for the outflow of
cold air masses from the polar regions at times of
pronounced Siberian High (SH). The first cold air
corridor has an easterly direction (over China, di-
rectly connected with Greenland via the Westerlies).
The second corridor follows a westerly direction (in-
to the Eastern Mediterranean, related to Greenland
via changes in major atmospheric circulation modes;
e.g., Josey et al. 2011).

Section 3 (Cultural History 6600–6000 calBC) pro-
vides a condensed overview of cultural develop-
ments in the Eastern Mediterranean (Aegean, Ana-
tolia, Levant) during the RCC study interval. To al-
low for quantitative errors of present 14C-based site
chronologies, which are typically in the order of 50–
100yrs, this interval is artificially subdivided into an
early RCC-phase A (6600–6300 calBC) and a late
RCC-phase B (6300–6000 calBC). The results summa-
rised in this section are based on a recently complet-
ed study (Clare 2013).

In Section 4 (Chronological Case Studies) we provide
a compilation of high-resolution 14C-chronologies for
the Aegean and Southeast Europe in the Early Neo-
lithic (Southeast European terminology). Altogether,
four new chronologies are presented, three of which
are for sites in West and Northwest Anatolia (Ulucak,
Çukuriçi, and Barcın), and one for a site in north-
central Bulgaria (D∫uljunica). In addition, at Dikili
Tash (North Greece) and at Sidari (Corfu) we have
unique on-site evidence for the hydro-environmen-
tal impact of RCC-conditions both in the Northern
Aegean (Lespez et al. 2013) and in the southern Ad-

riatic (Berger et al. 2014). In addition to the respe-
ctive site descriptions, this section contains a compi-
lation of archaeological arguments (mainly pottery
style comparisons), which further substantiate our
conclusion that the spread of farming from the Near
East into Southeast Europe proceeded in a step-wise
and often delayed manner, with one of the most sig-
nificant delays of around 500 years visible in the
Aegean.

Section 5 (Conclusions) brings the new chronologi-
cal results into context with ongoing interdiscipli-
nary research. Previously, the majority of 14C-based
statistical/mathematical models for Neolithic disper-
sal (e.g., dates-as-data, wave-of-advance) either con-
cluded, or were already based on this assumption,
that early farming spread fastest along the maritime
routes. Our conclusion is that at certain times the
terrestrial routes were equally rapid. This results
from the ‘super-fast’ dispersal (>1000km in <200yrs)
as documented for the spread of the Early Neolithic
from the Aegean to Northeast Hungary. This speed
is recognisable, already at low dating resolution, but
becomes all the more evident from the archaeolo-
gical case-studies that were performed at a higher
dating resolution using the method of Gaussian
Monte Carlo Wiggle Matching (Section 4). A similar-
ly rapid Neolithic dispersal (>5km/yr: minimum
average; obtained for <200yrs time-span and for
>1000km distance) was previously known only for
maritime expansion along the Western and Eastern
Mediterranean (Fig. 10) coasts. Indeed, this disper-
sion is so fast, and is accompanied with such large
spatial discontinuities, that it may inhibit (or at least
complicate) further applications of the linear (conti-
nuous) differential equations typically used in con-
temporary modelling studies.

In a nutshell, we demonstrate a precise temporal co-
incidence (within given error limits) and strong so-
cial impact of RCC on Neolithic dispersal processes.
Our conclusions are based on 14C-data combined
with insights gained from recent palaeoclimatologi-
cal research, but above all on archaeological data
that are analysed from the viewpoint of modern vul-
nerability theory. 

Neolithic dispersal

Following the introduction of radiocarbon dating
some 50 years ago, the chronology of Neolithic dis-
persal from its area of genesis in the Near East and
Anatolia into Europe is today largely based on 14C-
dates. Advances in chronology have been achieved
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in: (1) dating precision, which increased from typi-
cal values of σ = 100 BP (around 1970) to σ = 40
BP today; (2) sample size, which decreased from
grams to milligrams; and (3) in the quality of archa-
eological excavation techniques. Today, the majority
of 14C-AMS measurements are performed on short-
lived (‘single event’) samples (Ashmore 1999). The
scientific progress achieved in 14C-dating is also ap-
parent in the size and geographic scope of the ar-
chaeological 14C-database, which ranges from the
few dozen dates that were available to Clarke
(1965), through hundreds of dates (Quitta 1967);
and now into the thousands (e.g., Breunig 1987;
Reingruber, Thissen, 2004; Pinhasi et al. 2005;
Biagi et al. 2005; Böhner, Schyle, 2006; Luca, Su-
ciu, 2006; Bocquet-Appel et al. 2012; Furholt et al.
2009; Weninger et al. 2009b; Hinz et al. 2012). The
CalPal-database used in the present paper contains
21519 dates for 3239 Epipalaeolithic, Neolithic and
Bronze Age archaeological sites from Europe and
the Near-East, of which 82% are geo-referenced (We-
ninger 2014). 

In a recent publication, Stephen Shennan et al.
(2013) also studied the introduction of agriculture
into Central and Northwest Europe based on insights
gleaned from a large archaeological database (N =
13 658 14C-dates). Their main conclusion, based on
the application of the ‘dates-as-data method’, is that
the long-term growth of the European Neolithic po-
pulation followed an approximately exponential
trend, but this was interrupted at certain times by
major declines in population size of the order of 30–
60%. Based on this observation it is argued that
the summed calibrated Neolithic radiocarbon data
distributions, which show a number of conspicuous
peaks and minima, can be used to deduce corre-
sponding demographic booms and busts. Similar
methods were applied to advance the idea that, fol-
lowing an initial boom, the Early Neolithic Linear
Pottery culture (LBK) ended with a major popula-
tion collapse (Shennan, Edinborough 2007). The
applied methodology is not convincing. In this spe-
cific case study, the CalPal-database used by Stephen
Shennan and Kevan Edinborough (2007) indeed had
a major focus on the LBK-chronology, but its focus
was on the LBK in the Rhineland. It contained min-
imal amounts of 14C-data for other LBK settlement
regions, mainly from the Köln-laboratory, and was
also incomplete for the subsequent Middle Neolithic
period. 

The application of the ‘dates-as-data’ method in pa-
leodemographic studies has been found inadequate

for many reasons (Weninger at al. 2009b; Crombé,
Robinson 2014; Contreras, Meadows 2014, with
further references). In general terms, the problem
is the extreme bias of the archaeological 14C-data-
base towards natural research variability such that:
(a) large numbers of dates are available for few
sites, (b) very few dates are available for other sites,
and (c) the majority of sites remains undated. Cer-
tain geographic regions have been favoured by re-
searchers to the exclusion of others. Finally, (d) there
is a strongly unequal geographic distribution of ma-
jor radiocarbon laboratories (e.g., GrN in the Nether-
lands; OxA in Great Britain; many countries have
no operating laboratories), and these tended to fo-
cus on regional projects. As an example, and certain-
ly not in order to compare the relative importance
of any given geographic area (or lab, site, or period)
simply by 14C-counting, in the CalPal-database there
are more 14C-dated Mesolithic sites (N = 69) from
the Netherlands (mainly: GrN-lab) than there are
14C-dated Neolithic sites (N = 37) from the whole of
Turkey. When the aim is to achieve higher temporal
and modelling sensitivity, in our view, it is advisable
to base demographic studies not on 14C-counting (of
any variable) but directly on archaeological evidence
(artefacts, sites, visibility, taphonomic questions)
(see Çilingiroglu 2005; Reingruber 2011). 

Nevertheless, an important question at stake is why –
having made considerable efforts to correct their
large 14C-database for taphonomic bias – Shennan et
al. (2013) found no evidence of the impact of cli-
mate variability on Neolithic dispersal. We argue that
this is not due to any inherent (size/scope/source) li-
mitations of the database, but rather to the inability
of the dates-as-data method to differentiate between
statistical-archaeological 14C-noise and the climatic-
demographic signal with the required temporal res-
olution. We illustrate this with an order-of-magni-
tude estimate. Given that the 8.2ka calBP event ex-
tended over a time-span of ~100–150 years (Tho-
mas et al. 2007), that the majority of 14C-ages in
the database were processed on charcoal (i.e. results
have a systematic but uncontrolled age-offset of 0–
100 years), and that the majority of archaeological
14C-ages has a precision well beyond 50 14C-BP (with
additional errors following 14C-age calibration), it
will be virtually impossible to detect the demogra-
phic impact of the 8.2ka calBP (Hudson Bay) event
by using only the dates-as-data method. Under con-
trolled conditions (theoretical simulation, random
sampling) this a priori expectation has been veri-
fied by Daniel A. Contreras and John Meadows
(2014) for the period of the Black Death in Europe,
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for which a major population decline is historically
documented, as well as for the disastrous crash in
the Basin of Mexico following the arrival of the Spa-
nish conquerors. 

An example from the Neolithic period with relevance
for the present study is provided by the recently
published 14C-series from Tell Sabi Abyad (Syria).
Using N = 69 dates on human bone from six cemete-
ries, Neeltje Plug et al. (2014) discuss whether the
8.2ka calBP event is visible in the temporal distri-
bution of these data. All dates from Sabi Abyad were
measured by the Groningen-laboratory (GrN) to a
precision of 30–50 BP, so one might assume that the
precision and accuracy of the 14C-AMS measurements
is sufficient to answer the question at hand. Using
the method of Bayesian Sequencing, based on the
known sequence of cemeteries, the authors attempt
to further enhance the dating precision. They con-
clude that Sabi Abyad was continuously occupied du-
ring the 8.2ka calBP interval.

As illustrated in Figure 1, analysis of these data using
the method of ‘cross-bar’ dispersion calibration ap-
pears to suggest the existence of two possible gaps
in the sequence; one coincides exactly with the 8.2ka
calBP (Hudson Bay outflow) event, and the second
occurs slightly later, at 6100–6000 calBC. Yet it
would be wrong to simply use this to attribute the
first gap (for whatever social or climatic reason) to
the 8.2ka calBP event, given that the separation of
calibrated age clusters before and after the Hudson
Bay event can be explained by the strong lateral pull
of the median values of the calibrated probability di-
stributions (along the calendric time-scale) by small
plateaus in the calibration curve. Hence, the ‘gap’ is
at least partly an artificial construct of the applied
analytical method: when 14C-dates are calibrated
one-by-one (i.e. assumption-free in terms of sequence
or grouping) it is typical for their calendric readings
to lock into one or the other of the many pre-defin-
ed geometric inversions (‘quantum states’) of the 14C-
age calibration curve. Such data clustering as be-
comes evident from Figure 1 is often seen to occur
when analysing 14C-data both with the histogram
method (on the 14C-scale) as well as for summed ca-
librated 14C-ages (on the calendric time-scale). In
mathematical terms such effects are due to the (geo-
metric) folding properties of the calibration curve.
From a more fundamental (axiomatic) perspective,
the data clustering is due to the non-commutative
properties of 14C dates (Weninger et al. 2011). Note
that similar quantisation effects occur when using
the interval method of 14C-age calibration, or Baye-

sian Sequencing, to some extent even in wiggle ma-
tching, although in these approaches the problem is
not explicitly visible. We also note in Figure 1 that a
pro-gap argument could be formulated on the basis
of the fact that the cross-bar method seems to succes-
sfully reproduce both the known grouping of data
according to individual cemeteries, and the known
sequence of cemeteries, without any such assump-
tions having been entered. 

Having evaluated the gap-hypothesis, let us now ad-
dress an alternative: the continuity-hypothesis. A clo-
ser look at Figure1 reveals that only one (if any) of
the 69 human burials is reliably dated to the time-
window of the 8.2ka calBP event. It appears that the
continuity hypothesis is an even more artificial con-
struct of the applied analytical method than the gap-
hypothesis. The procedure of Plug et al. (2014)
was to apply Bayesian Sequencing using OxCal 4.2
(Bronk Ramsey 2009) with boundaries set between
the 14C-data pre-grouped according to cemetery.
However, in this case study, the Bayesian Sequen-
cing method is not used to further evaluate the con-
tinuity model, which is simply applied, but not test-
ed. Of greater interest from a methodological view-
point is that the incorporation of archaeological in-
formation into the calibration procedure apparently
does not lead to an enhancement in dating precision
in all cases. At Tell Sabi Abyad, the opposite occurs:
due to the above-mentioned quantum-effects, and
lacking the possibility of applying external numeric
(quantitative) dating information, in a real sense ‘the
simultaneously most precise and accurate results’ are
achieved when no assumptions are made at all. This
effectively negates the main reason for applying the
Bayesian Sequencing method, according to which, in
general terms, archaeologists may even incorporate
ordinal-scaled (‘younger-older’) archaeological infor-
mation into the calibration process in order to opti-
mise dating precision. By applying the crossbar-me-
thod, despite its acknowledged insensitivity, we at
least become aware of the interpretational difficul-
ties that arise from the strong attraction of the calen-
dric-scale readings of all 14C-ages towards pre-estab-
lished states of quantum chronology.

Before continuing, we note that the second gap in
the Tell Sabi Abyad data is curiously coincident with
a major sub-structure of the 8.2ka calBP for the pe-
riod 8030–7960 calBP in the stable oxygen record
from Qunf Cave (Oman). In contrast to the first gap,
which may or may not be real, this second gap is
better described as an interval with non-artificially
low data density. At least, it cannot be explained by



Fig. 1. Tell Sabi Abyad
(North Syria). Upper: 14C-
scale histogram and cali-
brated summed probability
distribution of N = 69 14C-
dates on human bone from
cemeteries 7, 6, 5, 4, 3 and
1 (Plug et al. 2014) shown
(Lower) in context with Gre-
enland GISP2 δδ18O-record
(GICC05-age model) as
proxy for the Hudson out-
flow (Grootes et al. 1993),
and with Oman Q5 Qunf
Cave δδ18O-record (Fleit-
mann et al. 2007) as proxy
for shifts in the position of
the Intertropical Conver-
gence Zone (cf. Fig. 9).
Upper: 14C-and calendric
scale crossbars (68%-confi-
dence) of the 14C-dates in-
dicate separation of the ce-
meteries into 4 groups (Ce-
meteries 7, 6/5, 4/3 and 1).
The conclusion of Plug et
al. (2014) that the burial
sequence is continuous
throughout the 8.2 ka calBP
period is not validated (cf.
text). Either there is a real
gap, or the apparent gap is artificially caused by the folding properties of the calibration curve). Note
the complex internal structure of the ‘8.2ka calBP event’ with sub-events at 8220–8140 calBP and 8030–
7960 calBP (indicated by shading) defined according to record comparisons shown in Figure 9.
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the shape of the calibration curve, which is reason-
ably linear in this interval. Interestingly, it appears
to separate the data from cemeteries 6/5 and 4/3
(with the one exception of human bone from ceme-
tery 4, as indicated in Figure 1). The second gap may
simply be due to chance effects in 14C-radiometric
dating. Nevertheless, given the high quality of the
14C-data, and also since the second gap is equally as
long as the first, let us keep its existence in mind for
future research. Later, we return to the discussion of
the internal structure of the 8.2ka calBP event at a
higher temporal resolution (Fig. 9). 

In summary, despite the large number of 14C-dates
and high sampling quality (single entity bones), we
cannot distinguish between the two competing hy-
potheses. In effect, the burial sequence at Sabi Abyad
could be continuous in terms of the sequence of in-
dividual burials as well as cemetery level, but there
could equally well have been a temporary abandon-
ment of the site during the 8.2ka calBP event. 

We infer from this example that the search for cli-
matic impacts on societies is unlikely to be succes-

sful when based on single-site analysis. Therefore,
and returning to the issue of Neolithic dispersal, we
now turn our attention to the study of the signal en-
hancement that may be expected from a major ex-
pansion of the database. Unfortunately, what we see
happening in this case is that – in addition to the an-
ticipated problem of limited temporal resolution – a
second analytical complication arises. It is related
to the spatial distribution of the archaeological 14C-
data. We illustrate this spatial, geographic problem
in Figure 2 (top left), by comparing a diagram from
Ron Pinhasi et al. (2005.Fig. 2) with a re-interpreta-
tion of the same data (Fig. 2, top right). 

Both diagrams show the earliest arrival dates of the
Neolithic at 735 Near Eastern and European sites, re-
lative to the great-circle distance [km] from Abu Madi
(Pinhasi et al. 2005; Supplementary Information).
Strongly contrasting with the straight lines used as
interpolation method in the original diagram, our re-
interpretation (shading) suggests several discrete
data clusters. These clusters occur both in the ‘hori-
zontal’ (along the age-scale) and in the ‘vertical’ di-
rection (along the distance scale). Closer inspection
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of the corresponding map (Fig. 2) shows that essen-
tially no data are available for Spain or Western
France. The database contains few dates for the Al-
pine regions, very few dates for Southeast Europe,
and is also lacking in Northern Europe. Yet these as-
pects are not the really critical issues, and it is ob-
vious that the clusters and void regions are largely
due to the incomplete character of the database. The
critical aspect concerns the absences of dates for
Southeast Europe at distances beyond 2000km from
Abu Madi, and notably of Early Neolithic 14C-ages
prior to c. 6600–6000 calBC. Already in general
terms, the stepwise character of the age-diagram
gives reason to doubt the validity of the ‘wave-of-ad-
vance’ model, regardless of whether a straight line
(Pinhasi et al. 2005) or smooth polynom (Silva, Ste-
ele 2014) is used to trace the dispersal process. 

What we observe, formulated in more detail, is (1)
an almost complete lack of (14C-dated) Early Neoli-
thic (EN) sites everywhere in Southeast Europe prior
to the 8.6–8.0ka calBP RCC-interval; (2) for the same
RCC-interval a large number of 14C-dated EN sites on
the Greek mainland and in Northern Macedonia; (3)
a large number of EN sites in Central Anatolia prior
to RCC, but which seem to end at some time within
the RCC-interval, and (4), a complete lack of 14C-
dated sites (all Neolithic periods) for the West Coast
of Turkey. Although we presently remain suspicious
as to the validity of observations (1)–(3), which
could be out of date, they appear worthy of further
consideration (as undertaken below). The last obser-
vation (4) is simply wrong, or formulated better, an
outdated function of the age of the 14C-database,
which was published in 2005 i.e. prior to the avail-
ability of first Early Neolithic 14C-data from the West
Coast of Turkey (cf. bibliography in CalPal-database;
Weninger (2014)). Use of the incomplete Pinhasi et
al. (2005) 14C-database may explain why Carsten
Lemmen and Kai Wirtz (2012) found no significant
impact of climate variability on Neolithic dispersal,
despite a dedicated search for such an impact and
the application of state-of-the-art geographic model-
ling procedures (cf. Lemmen et al. 2011). 

A less fragmentary compilation of 14C-dates (Clare,
Weninger 2014) provides further information, (A)
concerning the reality (or its chance existence) of
the ‘EN-RCC-gap’ in Southeast Europe, and (B) con-
cerning a potential (regional) refinement of the stan-
dard-value of ~1km/yr initially derived by Albert L.
Ammermann and Luigi L. Cavalli-Sforza (1971) for
Neolithic dispersal in all regions of Europe and the
Near East. The moment the Neolithic left the Aegean

basin, which appears to have occurred not earlier
than 6100 calBC, it apparently took little more than
100 years to become established at sites in Serbia,
Bulgaria, and Romania, and little more than around
200 years even to have reached the Pannonian Ba-
sin. We conclude that it is impossible to further re-
fine the standard speed of 1km/yr for wave disper-
sal in quantitative terms because, simply, the con-
cept of dispersal at a steady mean speed is flawed.
Figure 4 provides support for the recently proposed
idea that, following its arrival in Central Anatolia,
there was a long (~1000yrs) halt in the Neolithic
prior to its further westward spread through the
Lakes district into the Aegean (Düring 2013; Brami
2014). 

Research history of Neolithic dispersal

The rapidity of Neolithic dispersal from the Aegean
all the way to regions in the northeast of the Panno-
nian Basin, if only indicated at low temporal resolu-
tion in Figure 4, is not unexpected. Similar ideas
were frequently advanced in the past. A first signi-
ficant step away from slow ‘wave-modelling’ was
provided by Jean Guilaine, who proposed in his so-
called ‘arrhythmic’ model that the expansion of ag-
riculture was neither regular nor uniform across; Eu-
rope as a whole, but proceeded in leaps (Guilaine
2001; 2003; 2013). Further deviations from ‘slow’
transmission were demonstrated by João Zilhão for
the spread of farming along the Northern Mediterra-
nean coast on the maritime route to the Iberian Pen-
insula (Zilhão 2001). Similar conclusions were arriv-
ed at for Neolithic expansion along the Adriatic (Bia-
gi et al. 2005; Forenbaher, Miracle 2005; Forenba-
her et al. 2013). Taking a route that has recently
been termed the ‘Marine Epipalaeolithic network’
(Linstädter in press), the further distribution pro-
cess along the Mediterranean coasts also appears to
have been quite rapid. This is indicated by the ar-
rival of domesticated species in Andalusia and Portu-
gal as early as at 7.5ka calBP (Aura Tortosa et al.
2009; Carvalho 2010; Cortés Sánchez et al. 2012).
Between the Southern Iberian Peninsula and North-
west Africa, within the so-called the Alboran territo-
ry (Linstädter et al. 2012), these innovations were
further distributed through pre-existing Epipalaeo-
lithic coastal networks representing forager groups
focussed on the use of marine resources. Through
what has recently been termed ‘Continental epipa-
laeolithic networks’ (Linstädter in press), the local
foragers from the west-Mediterranean hinterlands
adopted Neolithic inventions and integrated them
step-by-step into their way of life. The rapidity of
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Fig. 2. Map of earliest Neolithic sites according to Pinhasi et al. (2005.Fig. 2), redrawn with Globalmap-
per™ using Lambert Conformal Conic (LCC) projection, based on coordinates from 14C-database (Pin-
hasi et al. 2005.Tab. 1). Top Left: Age-Distance graph redrawn (unchanged) from Pinhasi et al. (2005.
Fig. 2). B. Top Right: Age-Distance graph redrawn (with additional shading to show artificial data clus-
ters A-H) from Pinhasi et al. (2005.Fig. 2). When drawn on LCC projection, a straight line approximates
a great-circle route between selected start- and end-points. Note: Pilots use LCC-projection for convenient
visualization of flight distances.
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these adoptions is indicated by their equally early
date of arrival in Morocco, at around 7.6ka calBP
(eastern Rif) (Linstädter, Kehl 2012; Morales et al.
2013; Zapata et al. 2013). However, in comparison
to the Eastern Mediterranean, plant cultivation and
animal husbandry on the Iberian Peninsula and in
North Africa appear to have been only one aspect of
subsistence in the sense of a broad-spectrum econo-
my or low-level food production. What is implied by
these recent results, and what is important for the
present paper, is that there is no evidence in the
Western Mediterranean to support an assumption
that maritime routes were faster than terrestrial rou-
tes of Neolithic dispersal. Although further research
is needed, there is wide consensus that the source re-
gion for the Neolithic in the Western Mediterranean
was somewhere in the Eastern Mediterranean and –
most probably – in the Aegean. This again empha-
sises the importance of precisely dating both the ear-
liest arrival of the Neolithic in the Aegean, and its fur-
ther pattern of dispersal. As yet, it remains unknown
whether such datings fall close together (decadal
scale), or far apart (centennial scale).

Rapid Climate Change

It is now well established that a sharp 8.2ka calBP
climate event developed in response to the abrupt
influx of a large volume of meltwater from the Hud-
son Bay into the North Atlantic. This meltwater out-
burst resulted in a brief (<200yrs) disturbance of
deep-water formation in the North Atlantic and atten-
dant widespread cooling (Fig. 5). However, the im-
pact of the 8.2ka calBP Hudson Bay outflow was not
only the climate perturbation in this period; it is
clearly embedded within one of several Holocene
‘Rapid Climate Change’ (RCC) intervals (Mayewski
et al. 2004; Rohling, Palike 2005; Marino et al.
2009). As shown in Figure 5, the GISP2 non-sea salt
(nss) [K+] record best illustrates this sequence of di-
stinct cooling episodes through the Holocene, as an
extension of similar (more intense) events during
the last glacial cycle (Mayewski et al. 1997; 2004;
Rohling et al. 2002; 2003). Each of these episodes is
associated with a more pronounced Siberian High
over Asia, which in turn would have led to the in-
creased occurrence and severity of winter outbreaks

over Europe and in the Eastern
Mediterranean (Mayewski et al.
1997; Cohen et al. 2001; Roh-
ling et al. 2002; 2003; Casford et
al. 2003). The existence of recur-
ring cold anomalies during the
Holocene is confirmed by a vari-
ety of terrestrial and marine re-
cords from our study region, the
Eastern Mediterranean (Rohling
et al. 2002; 2009; Mercone et al.
2001; Meeker, Mayewski 2002;
Casford et al. 2003; Marino et
al. 2009). Based on the GISP2 nss
[K+] record, the strongest RCC-
conditions are inferred for the
time-intervals ~10.2ka calBP,

~9.2ka calBP, 8.6–8.0ka calBP,
6.0–5.2ka calBP, and ~3.0ka
calBP (with varying decadel/cen-
tennial-scale age-limits). The most
recent RCC-event coincides with
an episode that is commonly re-
ferred to as the Little Ice Age
(LIA; c. 1450–1929 AD). Against
this RCC background, it appears
that the (atmospheric) cold con-
ditions between 8.6 and 8.0ka
calBP were amplified between
8.2 and 8.0ka calBP by the im-
pacts of the Hudson Bay event

Fig. 3. Distribution of archaeological study sites in Anatolia, South-
east Europe and eastern Central Europe during and after the RCC-in-
terval (6600–5700 calBC). Numbers correspond to site-chronology
shown in Figure 4. References for 14C-data: sites 1–20 (Clare, Wenin-
ger 2014); site 21 (Lespez et al. 2013); site 22 (Weninger et al. 2006;
Linick 1977); site 24 (Tasi≤ 1988); site 25 (Bogdanovi≤ 2008); site 26
(Biagi, Spataro 2005; Luca et al. 2008); site 27 (Lichardus-Itten et al.
2002); site 28 (Krauß et al. 2014); sites 29–34 (Görsdorf, Bojad∫iev
1966); sites 35–39 (Biagi, Spataro 2005; Luca et al. 2008); sites 40–42
(Oross, Siklósi 2012); sites 43– 44 (Bori≤ 2011). 
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Fig. 4. Overview of 14C-ages (total N = 857) for 44 archaeological sites (site numbers refer to the map (Fig.
3), using the Barcode Method of 14C-age calibration (cf. Time-scales and terminology). Each vertical line
represents the calibrated median value of one 14C-age, using CalPal-software (Weninger, Jöris 2008) and
INTCAL09 calibration data (Reimer et al. 2009). Shaded areas show Rapid Climate Change (RCC) interval
8.6–8.9 ka calBP according to Rohling et al. (2002) and Mayewski et al. (2004), Hudson-Bay outflow in-
terval set schematically to ~6200–6000 calBC. The position of the 9.3 ka calBP RCC-interval according to
Fleitmann et al. (2009) is included for explorative purposes. Abbreviations: Epi = Epipalaeolithic, PPN =
Pre-Pottery-Neolithic, EPN = Early-Pottery-Neolithic, LN = Late Neolithic, ECh = Early Chalcolithic, MCh =
Middle Chalcolithic, FYROM = Former Yugoslav Republic of Macedonia. From Clare and Weninger (2014).
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(Rohling, Palike 2005; Marino et al. 2009). The
combined impacts of the RCC and the Hudson Bay
event produced one of the most extreme climate
anomalies of the entire Holocene. In the following,
we consider the nature of the 8.6–8.0ka RCC impacts
on our study region.

Seasonality of RCC

Strong and cold north-easterly winds in the Aegean
are a regular winter/early spring phenomenon. They
are of typically short duration of just a few days at
a time. In the Eastern Mediterranean, such outbreaks
of polar air masses occur most frequently in Decem-
ber, with fewer occurrences in November and Ja-
nuary, still lower frequencies in February and March,
with the fewest occurrences in October. No polar out-
breaks occur in the summer months (Saaroni et al.
1996). The decrease in the number of outbreaks in
January is linked to the end of maximum cooling
over Eurasia and the associated drop in anticyclone
genesis. Concerning their duration, polar outbreaks
tend to fall into two categories. The first and most
common category is an outbreak lasting between
one and two days. Outbreaks in the second category
can persist for more than twice as long (Saaroni et
al. 1996). We note that the occurrence of such ano-
malous winter conditions is well known – and fear-
ed – in Mongolia (where cold air outbreaks are re-
ferred to as dzuds) due to their effects on agricul-
ture and livestock mortality (Lau, Lau 1984; Begzsu-
ren et al. 2004; referenced in Tubi, Dayan 2013).

Palaeoclimate records suggest that there were peri-
ods during the Holocene when cold air outbreaks
over the Eastern Mediterranean were more frequent
and/or intense than today. A key record for under-
standing Holocene RCC-conditions in the Eastern Me-
diterranean is provided by 14C-dated marine micro-
fossil assemblage variations in marine sediment
core LC21 from south-eastern Aegean Sea (Rohling
et al. 2002; 2009; Casford et al. 2003). This record
reveals a series of distinct drops in sea surface tem-
perature (SST) that correlate well (Fig. 5) with peri-
ods of enhanced atmospheric dust flux as document-
ed in the Greenland GISP2 glaciochemical record
(Mayewski et al. 1997). These SST drops are attri-
buted to the occurrence of north-easterly winds
(Rohling et al. 2002; Casford et al. 2003) that, be-
fore reaching the LC21 site, would have blown
across the surface of the Aegean Sea for several hun-
dred kilometres. The associated cooling (~1–3°C) of
the Mediterranean sea surface (to a depth of ~300m)
was sufficiently strong that it contributed to enhanc-

ed Mediterranean deep-water formation (Mercone
et al. 2001; Casford et al. 2003; Abu-Zied et al. 2008;
Rohling et al. 2009). 

Rapid Climate Change corridors

There are two main geographic corridors for the
outflow of cold masses from the polar regions at
times of pronounced ‘Siberian High’ (SH) (Tubi, Da-
yan 2013; with further references). While the first
corridor extends westwards from Central Asia, run-
ning north of the Himalayas and crossing the North
Pontic steppe, eventually entering Southeast Europe,
the second corridor takes an easterly path across
China and into the Pacific (Tubi Dayan 2013). The
westward extension of the SH, on which we focus in
the present paper, can lead to continental polar out-
breaks over the Aegean, the Adriatic, and the Gulf of
Lion (Rohling et al. 2002). These outbreaks are link-
ed to the orographic channelling of polar air masses
at the northern Mediterranean margin, more com-
monly known as the Vardar, Bora and Mistral winds
(Casford et al. 2003). Mean annual wind fields over
the Mediterranean show a dominance of these north-
erly outflows (Pinardi et al. 2013/14.Fig. 8), and va-
riations in these systems dominate the spatial pat-
tern of heat loss from the Mediterranean (Josey et
al. 2011).

Historical data for RCC in the Eastern Mediter-
ranean and China

As demonstrated by historical data from the recent
LIA (Clare 2013), severe winter outbreaks are not
the only form of perturbation that would have im-
pacted farming communities in RCC-intervals. Ba-
sed on historical records from the LIA, it is evident
that RCC-conditions in the Eastern Mediterranean
are also associated with drought and extreme pre-
cipitation anomalies. Although apparently paradox-
ical, this is simply a reflection of inter-annual varia-
bility within a context of significantly increased win-
ter extremes (Clare et al. 2008; Weninger, Clare
2011).

What is in itself quite remarkable is that the histo-
rically documented LIA-events (Fig. 6) show a clear
clustering of drought years, severe winters, famine
and plague, especially in the six decades of the in-
terval 1550–1610 AD. However, what we also ob-
serve is that this clustering does not correlate well
with the strongest events in the GISP2 K+-record.
Notably, the years with highest GISP2 K+-values
(1523 and 1640/1644 AD) actually coincide with the
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Fig. 5. Northern Hemisphere Palaeoclimate Records showing Holocene Rapid Climate Change (RCC); (A)
Greenland GRIP ice-core δδ18O (Grootes et al. 1993); (B) Western Mediterranean (Iberian Margin) core
MD95–2043; C37 alkenones as proxy for sea surface temperature (SST) (Cacho et al. 2001, Fletcher, San-
chez Goñi 2008); (C) Eastern Mediterranean core LC21 (Sea Surface Temperature, SST) fauna (Rohling
et al. 2002); (D) Steregiou (Feurdean et al. 2008; (E) Sufular Cave δδ13C (Fleitmann et al. 2009); (F) Tena-
ghi Philippon tree pollen (Pross et al. 2009); (G) Eastern Aegean SL21 (Sea Surface Temperature, SST)
fauna (Marino et al. 2009); (H) Dead Sea Levels (Migowski et al. 2006); (I) Gaussian smoothed (200yrs)
GISP2 nss [K+] as proxy for the Siberian High (Mayewski et al. 1997; Meeker, Mayewski 2002); (J) High-
Resolution GISP2 nss [K+] as proxy for the Siberian High (Mayewski et al. 1997; Meeker, Mayewski 2002).

two strongest historical Chinese dust events (Hui
et al. 2013). The in-phase character of the Chinese
dust storms with the two strongest GISP2 nss K+
peaks, along with the (seemingly) ~20yrs out-of-
phase character of Eastern Mediterranean LIA-condi-
tions corresponds well with the existence of the two
different RCC-corridors (see above). Notwithstand-
ing these observations, which are at least promising
for GISP2 nss K+-based forecasting (at high-resolu-
tion) of cold events in China, for the time being we

must remain cautious in using the GISP2 nss K+
peaks to forecast individual years with strongest
RCC-conditions in the Eastern Mediterranean. 

The 8.2ka calBP event: global data (high-reso-
lution records)

Taking a wider geographic perspective, three results
of ongoing palaeoclimatological research are of parti-
cular relevance to the archaeological 8.2ka discussion:
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Fig. 6. Compilation of historical records (1500–1900 AD) from different regions of the eastern Mediter-
ranean (Anatolia, Levante, Aegean) with reference of severe winters, drought, plague and famine (data:
Clare 2013, with further references and discussion), in comparison to GISP2 nss K+ record (Mayewski et
al. 1997). Each historical event is represented by one vertical line. Interpretation: (a) there is clear supra-
regional evidence of the strongest impact of LIA-conditions in the time-interval 1550–1610 AD; (b),
there is no clear (annual-scale) correlation between historical events in the eastern Mediterranean and
strongest Greenland GISP2 nss K+ peaks; (c) the two strongest GISP2 nss K+ peaks (~1523 AD and ~1640
AD) most likely derive from dust storms documented in the N-China plain (Hui et al. 2013), (cf. Fig. 7).
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❶ changes in the strength of North Atlantic ocean
circulation are in many details (near) synchro-
nous with climatic variations throughout most of
the Northern Hemisphere, including the lower-la-
titude monsoon regimes of Eastern Asia (e.g., Chi-
na) (e.g., Rohling et al. 2003);

❷ such long-distance synchronicities are understand-
able only if they are related via the Earth’s atmo-
sphere, and not through oceanic circulation with
its comparatively slow (millennial and centennial)
transfer times;

❸ there are strong indications for a distinctly (al-
most) anti-phased inter-hemispheric relationship
between East Asian and Near Eastern climate re-
gimes on the one hand (i.e. north of the Intertro-
pical Convergence Zone [ITCZ]), and South Ame-
rican climate on the other hand (i.e. south of the
ITCZ).

As such, it is not only the North Atlantic climate re-
gime that requires attentive study, but also the inter-
play between the different components of the global
climate system. This is illustrated in Figure 9 for the
time-interval 6700–5900 calBC by a compilation of

selected high-resolution records that, on the one
hand, have their proximity close to the North Atlan-
tic (Greenland and Germany) and, on the other
hand, a geographically much wider dispersal from
regions as far apart as China, Oman, and Brazil. We
note that some records suggest a more complex in-
ternal structure within the ‘8.2ka calBP event’, with
two major sub-events e.g., 8220–8140 calBP and
8030–7960 calBP (indicated in Fig. 9 by shading). If
the existence of such (very short: decadal-scale) sub-
events is confirmed, and they impact the Levant,
then this would both complicate future climate-ar-
chaeological research in the eastern Mediterranean
and provide stimulus for further high-resolution stu-
dies. Already above, using the 14C-data from Tell Sabi
Abyad (Fig. 1), we have studied the methodological
challenge that the identification of complex substru-
ctures of the 8.2ka calBP event will impose on high-
resolution 14C-dating. Gianluca Marino et al. (2009)
offer a first tentative indication that a double peak
may exist in the Aegean cool event that appears to
be related to the 8.2ka calBP Hudson Bay event. The
relevant climate record (core SL21: E-Aegean SST) is
included in Figure 5 (record G). 

Fig. 7. Dust events in China compared to GISP2 nss K+ climate record. (A) Upper: High-Resolution GISP2
nss [K+] as proxy for the Siberian High (Mayewski et al. 1997; Meeker, Mayewski 2002); (B) Lower: Sum-
med annual frequency of dust storms North China Plain, AD 1464 to 1913, derived from a total of 1180
historical archives (Hui et al. 2013). The 1640/1644 AD double-peak represents the highest number of
documented dust storms. The 1644 AD dust storm covered the vast region from 32°N to 40°N. The AD1523
peak relates to a dust storm that was documented in six provinces (Shouzhang, Jize, Yifeng, Dingtao,
Fanxian, Weixian). Of all identified dust storms, 72.85% occurred in the spring, 16.39% in winter, 8.71%
in summer, and 2.05% in the auntumn. Hui et al. (2013) relate the spatial pattern of dust storms to the
movement of cold air systems in North China in winter or spring.



Bernhard Weninger, Lee Clare, Fokke Gerritsen, Barbara Horejs, Raiko Krauß, Jörg Linstädter, Rana Özbal and Eelco J. Rohling

14

Cultural history 6600–6000 calBC

On the basis of the aforementioned insights from
recent palaeoclimatological research, we posit that
archaeological climate-culture analysis for the age-
range 6600–6000 calBC should consider that the
8.2ka calBP Hudson Bay event occurred embedded
within a wider (RCC) cool interval, so that we may
recognise an earlier phase (RCC only: 6600–6200
calBC) and a later phase (RCC amplified by Hudson
Bay impact; 6200–6000 calBC). The two climate me-
chanisms would have resulted in similar environ-
mental impacts with a temporal overlap (Rohling,
Pälike 2005; Marino et al. 2009). As an alternative
to these climate-based phases, but which have un-
equal length (400 and 200yrs), we can greatly sim-
plify the archaeological discussion (if only for over-
view purposes with an acceptable loss of chronologi-
cal precision) by defining two phases of equal length,
Phase A (6600–6300 calBC) and Phase B (6300–
6000 calBC). 

Phase A: Eastern Mediterranean 6600–6300
calBC
Major developments in the first phase (RCC: 6600–
6300 calBC) are summarised in Figure 10 (top). In
this phase, there is manifold evidence for popula-
tion movements not only within Anatolia, but also
in coastal and lower-lying locations in the Northern
and Southern Levant. In the Southern Levant, the
onset of RCC (~8.6ka calBP) coincides with the first
appearance of pottery-bearing communities, com-
monly referred to as the Yarmoukian culture, and
increasing intensities of settlement activities in the
coastal plain. These trends coincide with the gradu-

al decline of LPPN ‘megasites’ in the Jordanian High-
lands (Gebel 2004). As coastal and lower-lying areas
would have been less affected by typical RCC-impacts
(e.g., summer drought in combination with severe
winters), we posit that the widely observed habitat
tracking to milder regions, and in particular (1), from
the Jordanian highlands to the Levantine coast, and
(2), from the Central Anatolian Plateau to the Tur-
kish West Coast, may be attributed to the same cli-
mate mechanism (Clare 2013; with data and refe-
rences). 

Phase B: Eastern Mediterranean 6300–6000
calBC
Major developments in the second phase (i.e. com-
bined RCC and Hudson Bay event: 6300–6000 calBC)
are summarised in Figure 10 (bottom). These were
centuries of unprecedented social disturbances in the
Southern and Northern Levant, Eastern and Central
Anatolia. In the Southern Levant, this phase is refer-
red to as the Late Yarmoukian Crisis (Clare 2013).
It sees the widespread abandonment of settlements
in the Transjordanian Highlands and the Lower Jor-
dan Valley (south of Lake Galilee), including the ma-
jor Yarmoukian site of Sha’ar Hagolan. Notably, sub-
sequent Jericho IX culture sites (7900–7600 calBP/
5900–5600 calBC) are limited to the southern coa-
stal plain, the Jezreel Valley and the Hula Basin. Once
again, this trend appears linked to strategies aimed
at the mitigation of RCC-impacts.

Eastern Anatolian and Syrian data testify to a similar
period of instability, with numerous sites providing
either substantial, or at least possible, evidence of
settlement abandonment. We have discussed this is-

sue above for Tell Sabi Abyad
(Akkermanns et al. 2006; van
der Plicht et al. 2011; Plug et
al. 2014). Other examples are
‘Ain Ghazal, Basta, and ‘Ain Ra-
hub (and other sites in Jordan
and Israel covered by rubble la-
yers following RCC-related site
desertion, see Rollefson 2009;
Gebel 2009; Zielhofer et al.
2012); Shir (Bartl 2010), Çayö-
nü (Özdogan 1999), Akarçay
Tepe (Özbasaran, Duru 2011),
Asıklı Höyük (Özbasaran 2011)
and Mersin-Yumuktepe (Cane-
va, Köroglu 2010). In the Amuq
plain, there is at least a poten-
tial hiatus in the ceramic se-
quence between phases Amuq

Fig. 8. Modern Position of the Intertropical Convergence Zone (ITCZ) in
July and January, redrawn from Cheng et al. (2012.Fig. 1), with location
of key sites for records addressed in the present paper. Abbreviations:
GISP2 (Greenland Ice Sheet Project Two); SASM (South American Sum-
mer Monsoon); NASM (North African Summer Monsoon); ISM (Indian
Summer Monsoon); EASM (East Asian Summer Monsoon). 
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Fig. 9. Timing and structure of the 8.2 ka calBP event on a global scale. Compilation of high-resolution
U/Th-dated stalagmite records from China and Brazil (D, E, F) according to Cheng et al. (2009), with
additional records (A, B, C, G) added. (A) German oak tree-ring growth record (Klitgaard-Kristensen et
al. 1998); (B) Greenland GISP δδ18O on Hulu time-scale (Grootes et al. 1993; Weninger, Jöris 2008); (C) Q5
Qunf Cave (Fleitmann et al. 2007); (D) Dongge Cave δδ18O (Wang et al. 2001; 2005); (E) Heshang Cave HS4
δδ18O (Liu et al. 2013); (F) Padre Cave Brazil δδ18O (Cheng et al. 2009); (G) Greenland GISP nss K+ on Hulu
time-scale (Mayewski et al. 1997; Vinther et al. 2006; Weninger, Jöris 2008). Note the geographic varia-
bility and complex internal structure of the ‘8.2 ka calBP event’ with major sub-events e.g., 8220–8140
calBP and 8120–8090 calBP (indicated by shading). 



A and Amuq B (Balossi 2004), while in the Rouj Ba-
sin (Tell el-Kerkh) there is a shift in burial practices,
with the first appearance of a demarcated burial
ground (cemetery) and central areas in the settle-
ment used for public purposes (Tsuneki 2010). Com-
bined, these data suggest geographically widespread

and socially significant changes in prevailing social
systems at this time. The westward expansion of
farming indicated in Figure 10 (bottom) relies on in-
creasing evidence that the introduction of impresso
pottery elements in the Aegean could be related to
the arrival of groups from the Northern Levant via
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Fig. 10. Top: Summary of
events identified in the
first phase of RCC (8600–
8300 calBP/6600–6300
calBC) in the Southern Le-
vant and Anatolia (after
Clare 2013). There is evi-
dence of a push/pull to
coastal and lower-lying
locations in both study
areas. In Anatolia, this
trend is synonymous with
the dispersal of Neolithic
communities from their
core area as far as the
Aegean coast. As coastal
and lower-lying areas
would have been less af-
fected by typical RCC-im-
pacts (drought and seve-
re winters), it is posited
that the colonization of
these areas would have
reduced the biophysical
vulnerability of commu-
nities to RCC. The disrup-
tion in the flow of Cappa-
docian obsidian to the
Southern Levant is quite
remarkable. In Western
Anatolia, this same com-
modity was mainly pro-
cured from the Aegean is-
land of Melos. This latter
development may even te-
stify to breaks with Cen-
tral Anatolian traditions,
and can be interpreted as
an attempt to reduce so-
cial vulnerability in the
face of climate-induced
resource shortfalls. 
Bottom: Summary of
events identified in the
second phase of RCC
(8300–8000 calBP/6300–
6000 calBC) in the Southern Levant and Anatolia (after Clare 2013). In the Southern Levant there is a
further retreat of Neolithic sites to moister (less arid) parts. The related abandonment of sites in the
Transjordanian Highlands and the lower Jordan Valley is referred to as ‘Late Yarmoukian Crisis’. Remar-
kably, there are similar developments in the Northern Levant and Eastern Anatolia, where many sites bear
witness to an interruption in settlement continuity or are deserted (site names on black background).
In the Turkish Lakes District there are first indications for internecine warfare. Curiously, all these deve-
lopments coincide with a further wave of Neolithic expansion into Southeast Europe. Generally speaking,
one of the most astounding aspects of the archaeological evidence reviewed in Figure10 is the increase in
cultural (and presumably also demic) mobility in many regions of the Near East and Anatolia.
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a marine route (Cilingiroglu 2010; Brami, Heyd
2011). In this latter region, this development ap-
pears to accompany the widespread appearance of
Proto-Halaf culture sites (e.g., Cruells 2008). 

Before continuing, we note that the traditional as-
signment of Archaic Fikirtepe (Northwestern Anato-
lia, Marmara region) to RCC Phase B (Fig. 10, lower)
should be treated with caution. This assignment is
based on 14C-dates from different levels of Yarım-
burgaz Cave (near Istanbul), which, however, have
an unsatisfactory spread, probably due to stratigra-
phic disturbance (cf. Özdogan et al. 1991; Clare,
Weninger 2014.Tab. 24). As discussed below, new
14C-dates as well as stratigraphic and ceramic analy-
ses from Barcın indicate an earlier start of the Fikir-
tepe culture (in RCC Phase A) and even a pre-Fikir-
tepe farming presence in the region. 

Chronological case studies

Above, we commented on the abrupt appearance of
Neolithic communities in the Aegean at the begin-
ning of RCC-Phase A. It is, therefore, essential that
an exact date be established for the very first arrival
of farming communities in this region in order to va-
lidate (or falsify) the Rapid Climate Change (RCC) –
Neolithisation relationship proposed in this paper.
Specifically, if farming had already been introduc-
ed to coastal regions of the Aegean prior to the on-
set of RCC-conditions, then this relationship would
be difficult to support. In this respect, recent exca-
vation results from the sites of Ulucak, Çukuriçi Hö-
yük, and Barcın Höyük, in each case with a new se-
ries of stratified 14C-dates (cf. below), provide a wel-
come test of the Aegean-refugium concept as propos-
ed by Clare (2013). Figure 11 shows the geographic
location of the archaeological sites under study in
the following section.

Ulucak Höyük (Turkish West Coast)

Ulucak Höyük is located in a plain, bordered to the
north and south by mountain ranges, 3km east of
the Belkahve mountain pass that gives access to the
Aegean littoral, some 25km further east at Izmir.
Ulucak lies on the path of a natural thoroughfare
linking the central Aegean coast with more eastern
(inland) areas of western Anatolia. The mound cur-
rently rises 6m above the plain with a diameter of
some 100m, although drilling in the vicinity of the
site has shown that settlement probably extended
over a much larger area (4.5ha). Sediment accumu-
lations from slope-wash erosion and alluvial depo-

sition from the Nif Çayı, a small stream adjacent to
the site, has detracted substantially from the height
of the höyük, which is known to extend more than
3 metres below the present surface of the plain. Six
architectural levels with numerous sub-phases have
been identified at Ulucak (Çilingiroglu et al. 2012).
These are, from top to bottom, Late Roman/Early
Byzantine (level I), Early Bronze Age (level II), Late
Chalcolithic (level III), Early Chalcolithic/Latest Neo-
lithic (level IV), Late Neolithic (level V), and a possi-
ble Pre-Pottery Neolithic (PPN) occupation (level VI)
(Çilingiroglu 2011. 68–69). 

The stratigraphically derived (age-depth based) re-
sults of 14C-wiggle-matching) for Neolithic levels VI–
IV (Fig. 12) provide a chronology with ~400yrs later
foundation of Ulucak (Level VI: 6630±32 calBC) than
estimated by other authors (e.g., Çakırlar 2012a;
b. ~7000/7040 calBC), but age differences in simi-
lar range are not uncommon for Anatolian and Ae-
gean 14C-chronology (e.g., Rohling et al. 2003). While
the excavators describe preliminary discoveries in
these lowermost Neolithic deposits (level VI) as re-
miniscent of PPN features in central parts of Anato-
lia, a recent evaluation of available radiocarbon ages
from associated contexts (cf. Clare, Weninger 2014)
would rather suggest an incipient occupation of Le-
vel VI no earlier than the late EPN or early LN. 

LN occupations at Ulucak (level V) are further diffe-
rentiated into six different sub-phases, labelled (Va-
f). While the oldest subphases (Vb-f) are associated
with free-standing wattle-and-daub houses, with
three substantial representative buildings in Vb,
one of which features a large number of storage fa-
cilities (clay bins), the youngest LN sub-phase (Va)
is characterised by a change in settlement plan. Hou-
ses are no longer free-standing, which is perhaps in-
dicative of an increase in population (Çilingiroglu
2011.71). It is of note that this phase (Va) also marks
the introduction of impressed pottery at the site.
Impressed wares appear almost contemporaneously
around the Aegean at the end of the 7th millennium
calBC, a development that may be linked with the
arrival of new groups from the Levant and Northern
Syria in the region at this time (Çilingiroglu 2010).

Çukuriçi Höyük (Turkish West Coast)
Çukuriçi Höyük (Fig. 11) on the centre of the West-
ern Anatolian coast is located on the Küçük Mende-
res river delta opposite the island of Samos and is
embedded in a sheltered basin that in prehistoric
times had direct access to the Aegean. The mound is
now visible to a height of 4.50m above the plain



and extends over an area of 80 x
100m, originally measuring 160
x 200m and 8m high. In the years
following the first small-scale re-
scue excavations in 1995, which
recovered evidence for Chalcoli-
thic and Early Bronze Age occu-
pations, the settlement mound
was subjected to severe distur-
bances by modern agricultural ac-
tivities.

Renewed excavations at the site
which commenced in 2006 are
now leading to a much clearer
picture of the prehistoric settle-
ment sequence at this location
(Horejs 2010; 2012). The tell was
settled during different periods,
with six distinct settlement pha-
ses excavated so far, including
Pottery Neolithic, Early Chalcolithic, Late Chalcoli-
thic and Early Bronze Age periods (Horejs, Wenin-
ger in prep.; Galik, Horejs 2011). The earliest exca-
vated settlement phase thus far, Çukuriçi Höyük
(ÇuHö) X, revealed rectangular houses with stone
foundations and a characteristic Pottery Neolithic as-
semblage that can be dated to ~6630 calBC (Fig.
13). The following occupation level, ÇuHö IX, con-
tains at least one almost complete rectangular buil-
ding with adjacent open activity zones or courtyards
and several other domestic deposits dating between
6400–6200 calBC (Horejs 2012). The following set-
tlement ÇuHö VIII also revealed the remains of a re-
ctangular building and various domestic settlement
structures dated between 6200–6000 calBC (Horejs
2012). The excavated and archaeologically analy-
sed settlement levels are additionally supported by
radiocarbon dated drilling cores conducted before
the excavation of the Neolithic occupation (Fig. 12).

There are good chances that Çukuriçi Höyük was
first settled immediately following the onset of RCC-
conditions (Fig. 13), similar to Ulucak (Fig. 12), but
this hypothesis remains to be tested by ongoing ex-
cavations. 

Barcın Höyük (Northwest Anatolia)
Given its potential to elucidate the spread of farm-
ing from Anatolia to Southeast Europe and the Bal-
kans, Neolithic research in Northwestern Anatolia
has gained tremendous momentum recently, with
new projects beginning in the provinces of Bursa,
Çanakkale and Istanbul such as Aktopraklık (Karul,

Avcı 2013), Ugurlu (Erdogu 2013), and Yenikapı
(Kızıltan, Polat 2013) respectively, adding to the
existing projects of Fikirtepe, Pendik, Hocaçesme,
Toptepe and Asagıpınar (Özdogan 2013). Barcın Hö-
yük, in the Yenisehir Plain south of the İ̇znik Lake
and east of Bursa, has contributed to this emerging
picture with the earliest evidence of the presence of
sedentary farming communities in the region, and
new insights into the evolution of regional ceramic
technologies (Gerritsen, Özbal and Thissen 2013b).
Barcın Höyük (Fig. 11) is a small mounded site with
Neolithic occupation levels. Excavations at the site be-
gan in 2005 (Gerritsen, Özbal and Thissen 2013a).
The Yenisehir Plain is a basin filled with Quaternary
deposits with a minor stream (the Kocasu), which
drains the valley to the east. Coring with a hand
auger around the site indicates a complex history of
sedimentary and hydrological changes, dominated
by lacustrine and marsh conditions (Groenhuijzen
et al. in prep). In addition to the Neolithic Phase, the
site has yielded Byzantine, Hellenistic/Roman, Iron
Age, Bronze Age, and Chalcolithic phases. Most of
these are ephemeral traces and represent intermit-
tent and interrupted occupation throughout these
periods. The short habitation sequences in these pe-
riods are sandwiched by centennial-scale intervals
that lack evidence of human activity of any kind. 

Excavations have identified five sub-phases (indicat-
ed with the letters a-e) with VIe being the earliest
and VIa representing the latest Early Neolithic phase
(Gerritsen, Özbal and Thissen 2013a). Soundings
have established that the Phase VIe occupation sits
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Fig. 11. Geographic distribution of archaeological sites under study in
the present paper.
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Fig. 12. (Upper) Ulucak (Tur-
kish West Coast, Levels VI–
V): Optimised linear strati-
graphic 14C-age model based
on stratified charcoal 14C-
ages according to sample
depth. Ulucak (Level VI):
Monte Carlo Wiggle Matching
of short-lived samples based
on random Gaussian shuf-
fling of 14C-ages (N = 10 000
iterations) within an inter-
val 0±20 yrs. The combined
Ulucak age-model is shown
in comparison to (Lower):
Greenland GISP2 ice-core
δδ18O record (Grootes et al.
1993) as proxy for North At-
lantic air temperature and
LC21 foraminifera data [per-
cent warm species] as proxy
for Sea Surface Temperature
in the Aegean (Rohling et al.
2002). Allowing for an (er-
ror-prone) 20yrs age differ-
ence between initial settle-
ment and dated samples, the
settlement was founded at
6650±35 calBC (95%), i.e.
synchronous with the onset
of RCC-conditions (shaded).
Note: LC21 age-model has a
dating precision of 100yrs (68%) in this interval. Ulucak 14C-data assembled from Çilingirogglu (2009;
2010; 2011; 2012). 

directly on top of a low natural elevation. During
phases VIe and VId, the production and use of cera-
mics increases from ‘practically non-existent’ to ‘rare’
and then to ‘common’ in phase VId (Gerritsen, Öz-
bal and Thissen 2013b). Sharing some very genera-
lised common features with central Anatolian cera-
mics, the VIe and VId pottery types are best seen as
the genesis of a regional northwest Anatolian cera-
mic tradition that culminates in phases VIc and VIb
in the Fikirtepe tradition also known from other
sites in the eastern Marmara region. The best pre-
served architectural deposits come from Phases VIc
and VId, which yielded a sequence of row houses
surrounded by courtyards. Walls of rectangular hou-
ses were constructed from wooden posts set closely
together in foundation ditches, providing a skeleton
for the mud-covered walls. Adult burials were usual-
ly placed within the courtyards, while infant burials,
relatively more frequent, have been found in houses,
within walls and around oven complexes. Zoo-ar-
chaeological analyses show that the subsistence eco-
nomy was based from the first occupation level on-
wards on herding and cultivation.

Current evidence provided by the stratigraphy, pot-
tery development and 14C-dates for the Neolithic Pe-
riod (Level VI) suggests a period of about 600 years
of habitation between 6600 calBC and around 6000
calBC (Gerritsen, Özbal and Thissen 2013b). This is
confirmed in Figure 14 by application of Gaussian
Monte Carlo Wiggle Matching based on an explo-
rative equi-length phase model, which was applied
independently to the data of the different sub-phas-
es. The validity of this model remains to be estab-
lished. The existence of a gap (or hiatus) between
sub-phases VIc and IVb at the time of the 8.2ka calBP
event cannot yet be excluded, but is not evident in
the ceramic sequence or stratigraphy. An intriguing
idea – although impossible to substantiate – is that
the abandonment of Barcın Höyük and the founda-
tion of Ilıpınar, some 40km distant at Lake Iznik,
may have been related events. What can be stated
with confidence is that the settlement was founded
in sub-phase IVe around 6600 calBC, or a few de-
cades later if due allowance is made for the dating
of potentially long-lived charcoal samples. 



2013. Tab. 2). Core C3 shows an approximately 10m
long sedimentary sequence that extends from the
Pleistocene, through the Early and Middle Neolithic,
up to the Late Neolithic I and II periods (Lespez et
al. 2013.Fig. 3). We concentrate on the earliest Neo-
lithic layers. Starting with Pleistocene clay at its low-
er end, the core shows a sequence of archaeological
layers with Early Neolithic artefacts (e.g., bone frag-
ments, small flakes, one red-brown burnished sherd,
and a semi-circular end-scraper). Some of the layers
appear to be disturbed, whereas others seem to be
in situ. The EN-sequence is interrupted at ~53–54m
asl by a series of palustrine silts and oncolithic sands
(schematically illustrated in Fig. 15, top). Having es-
tablished by Gaussian Monte Carlo Age-Depth Wig-
gle-Matching (Fig. 15, top) that the sediment accumu-
lation in C3 is linear (with average growth rate of
2.55yrs/cm) for the study-interval 6400–5600 calBC,
it is possible to analyse the corresponding sedimen-
tary sequence (Fig. 15, top) in relation to the GISP2
18O record (Fig. 15, bottom). 

The timing of the Hudson Bay outflow relative to the
sedimentary sequence of core C3 (Fig. 14) supports
the concept of Laurent Lespez et al. (2013) concern-
ing an abrupt rise of the ground-water level at the
time of the 8.2ka calBP event. With the age-depth
model shown in Figure 14, we note two important
details, namely (1) that the rise of ground water le-
vel coincides very closely (within error limits <

Fig. 13. (Upper): Çukuriçi Höyük
(Turkish W-coast). Stratigraphic
age-depth model based on geo-
morphological coring by Helmut
Brückner (University Cologne,
Department of Geography) at the
west edge of the tell. The deepest
14C-age (charcoal: UGAMS–6043;
Horejs, Weninger in prep.) is from
lowermost cored archaeological
deposits. Period X 14C-Data: Mon-
te Carlo Wiggle Matching of short-
lived samples based on random
Gaussian shuffling of 14C-ages
(N = 10 000 iterations) within
an interval 0±20yrs. (Lower):
Greenland GISP2 ice-core δδ18O
record (Grootes et al. 1993) as
proxy for North Atlantic air tem-
perature and and LC21 forami-
nifera data [percent warm spe-
cies] as proxy for Sea Surface
Temperature in the Aegean (Roh-
ling et al. 2002). 14C-Data: Ho-
rejs, Weninger in prep.; CalPal-
database (Weninger 2014).

Dikili Tash (North Greece)
At the Dikili Tash (Fig. 11) site in North Greece, the
first detailed on-site geomorphological evidence has
been reported for an environmental impact at the
time of the 8.2ka calBP event at high dating reso-
lution (Lespez et al. 2013), as outlined in the follow-
ing. Dikili Tash is one of the largest tells in northern
Greece, covering an area of ~4.5ha (250 x 180m2 at
its base) and with a total height of ~22m, of which
17m are above and 5m are below the modern sur-
face. Ongoing excavations, which commenced in
1961, have provided a good insight into the long
stratigraphic sequence of this settlement, which
spans from the Neolithic to the Bronze Age (Treuil
R. 1992; Koukoulli-Chryssanthaki et al. 2008; Dar-
cque et al. 2009). In the immediate vicinity of the
tell there is a freshwater spring; this fills a pond,
which then drains via a streamlet running adjacent
to the eastern side of the tell (Lespez et al. 2013.
Fig. 1). Of interest for the present paper is the ob-
servation that the 8.2ka calBP event is marked at
Dikili Tash by an abrupt rise in ground-water level
in this hydrological system, which ultimately led to
the relocation of the early Neolithic settlement (Les-
pez et al. 2013). Given their importance for our RCC-
related studies, we briefly review these inferences.
The rise in water level is documented in two cores
(core C2 and core C3), but we focus here only on C3
from the northern part of the tell, for which a series
of stratified 14C-ages is also available (Lespez et al.

Bernhard Weninger, Lee Clare, Fokke Gerritsen, Barbara Horejs, Raiko Krauß, Jörg Linstädter, Rana Özbal and Eelco J. Rohling

20



Neolithisation of the Aegean and Southeast Europe during the 6600–6000 CalBC Period of Rapid Climate Change

21

100yrs) with the onset of the 8.2ka calBP event,
and (2) that the site was already occupied (if per-
haps only by a few decades) prior to the onset of
the 8.2ka calBP event. The necessity for settlement
relocation due to the rising ground water level is
also confirmed by 14C-ages from Core 2 from a loca-
tion closer to the site’s pond and water courses (Les-
pez et al. 2013.Tab. 2). 

Lespez et al. (2013) further address the question as
to why RCC-conditions at Dikili Tash are accompa-
nied with a rise in ground-water level. Based on
temperature and precipitation values from pollen
transfer functions at the nearby (former) swamp at
Tenaghi Philippon (Peyron et al. 2011), Lespez et al.
(2013) argue that a reduction in evapotranspiration

during the 8.2ka calBP interval due to a large esti-
mated decrease in winter (~4°C) and summer (~2°C)
temperatures coincided with a rise of 75mm in sum-
mer rainfall. This combination would have sufficed
to generate high ground-water levels. The interpre-
tation that the 8.2ka calBP interval experienced col-
der than normal winters and wetter than normal
summers (Peyron et al. 2011) seems to be support-
ed by an increase in Gramineae (grasses) and Cype-
raceae (sedges) at the Tenaghi Philippon swamp
(Pross et al. 2009). 

Sidari (Corfu)
Another hydro-climatic phenomenon for the 8.2ka
calBP interval was recently observed at Sidari on the
island of Corfu (Fig. 11), where flooding and deep

Fig. 14. Barcın Höyük (Northwest Anatolia). (Upper): Explorative equi-length phase-model, established
by independent analysis of the 14C-dates from sub-phases IVa–VIe, shown in context (Lower) with
GISP2 δδ18O-record (GICC05-age model) as proxy for the Hudson outflow and with marine core LC21 (%
cold species) as proxy for RCC-conditions in the Aegean. The existence of a gap (or hiatus) between sub-
phases VIc and IVb in parallel to the 8.2ka calBP event cannot yet be excluded, but is not evident in the
ceramic sequence or stratigraphy. Hence the temporal overlap of 14C-dates from sub-phases VId and VIc
is likely to be the artificial outcome of applied modelling procedures. 14C-Data: Gerritsen, Özbal and This-
sen 2013b; CalPal-database (Weninger 2014); with (outlier) Beta–340889 removed.



Fig. 15. Dikili Tash (North Gre-
ece). Linear Age-Depth Model
for 14C-dates from Core 3 (Les-
pez et al. 2013. Tab. 2; Fig. 3)
shown in context with GISP2
δδ18O-record (GICC05-age mo-
del) as proxy for the Hudson
outflow. Due to the occurrence
of oncolithic sands in Core 3
at depths 53–54m asl the au-
thors identify a rise in ground-
water level of a site-adjacent
pond. This appears to be a lo-
cal response to the 8.2ka calBP
event, causing a settlement re-
location to dryer parts of the
tell (Lespez et al. 2013). Note
that the uppermost 14C-age
SacA–22588: 6210±35 BP from
core 3 at depth 56.33–56.15m
(Lespez et al. 2013.Tab. 2) is re-
moved from analysis as outlier
(in respect to the assumed line-
arity).

fluvial flows are documented on-site during the tran-
sition from an Initial to an Early Neolithic settlement
phase (Berger, Guilaine 2009; Berger et al. 2014).
At this site, a lower Mesolithic level (layer D) is co-
vered by deposits attributed to an ‘Initial Neolithic’
(layer C, basis: badly fired pottery, little decorated,
indications of the breeding of small ruminants),
which is followed by a sterile deposit (hiatus) that,
in turn, is overlain by ‘Early Neolithic’ deposits (la-
yer C, upper part) with characteristic Impressed
Ware of Adriatic type. As indicated by the 14C-dates
(Berger et al. 2014.Fig. 6), all these layers are chro-
nologically so close together that they cannot yet be
clearly separated using the available 14C-ages (val-
ues range between 8000–7670 BP for the Mesoli-
thic-Neolithic transition, and 7500–7170 BP for the
transition between the two Neolithic layers). Im-
portantly, but in need of further validation, Sidari
is similar to Dikili Tash in that it records a switch to
moister conditions with distinct hydro-sedimentary
impacts for the 8.2ka calBP interval. Combined, the
studies of Laurent Lespez et al. (2013), Jean-François
Berger et al. (2014), Jorg Pross et al. (2009) and
Odile Peyron et al. (2011) define an important mile-
stone for understanding the interplay between (glo-
bal) climatic change and local hydrological condi-
tions during the 8.2ka calBP interval.

Franchthi Cave (Argolid, Greece)
We conclude the Aegean section of this paper by no-
ting that essentially identical results (i.e. ~6600

calBC) for the arrival of early farming on the Tur-
kish West Coast have recently been obtained by Ca-
therine Perlès et al. (2013), using direct 14C-AMS
dating of domestic seeds at Franchthi Cave (Argolid,
Greece) (Fig. 11). The relevant 14C-dates are GifA–
1106: 7805±40 BP and GifA–11455: 7740±50 BP
for sample FAN163, and GifA–11017: 7780±40 BP
and GifA–11456: 7645±50 BP for sample FAN162
(Perlès 2013.Tab. 1). Since all four measurements
are statistically identical (Chi-square test: 7.6%) on
the 14C-scale, it is not possible to define an age diffe-
rence for the two samples on the calendric time-
scale. Although it is strictly speaking pointless to
base any kind of inference on the weighted average
for the given (non-commutative) 14C-ages, for conve-
nience (in talking about these dates), we neverthe-
less calculate an average age of 6580±40 calBC (i.e.

~6600 calBC) for these samples. What is important
is that there is no measurable age-difference between
the earliest (known) date of arrival of the Neolithic
at Franchthi and for the Turkish West Coast. 

D∫uljunica (North-Central Bulgaria)
Regarding the further dispersal of Neolithic lifestyles
into Southeast Europe, key information may be ob-
tained from north-central Bulgaria and the Early Neo-
lithic settlement of D∫uljunica (Fig. 11). The location
contains natural springs that flow from the base of
the prominence upon which the site is located. Even
today, there are four active springs at the foot of the
site. The prominence itself is a slightly elevated ri-
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ver terrace above the D∫uljunica River, which – toge-
ther with other tributaries – flows into the Yantra
River today at about 6.5km north of the settlement.

Finds from the oldest settlement layer at D∫uljunica
(D∫–I) attest to clear similarities with material of the
West Anatolian Late Neolithic. As such, pottery from
this level is coeval with the very beginning of its
usage in the Southeast European Neolithic cultural
sequence. Furthermore, this earliest pottery (D∫–I)
is comparable with assemblages from the near vici-
nity, including the oldest material from Koprivec and
Pomo∏tica, as well as with vessels from Orlovec and
Poljanica-Platoto. Similar vessel forms have also

been recovered from Hotnica-Pe∏terata, but this ma-
terial most probably represents a transition from
D∫–I to D∫–II. Convincing parallels are attested in
assemblages from West Anatolia, especially in the
Izmir region, specifically Ulucak Va and early IV, Çu-
kuriçi Höyük, and Yesilova. Further details and refe-
rences, in particular for the construction and inter-
pretation of the 14C-age-depth model for D∫uljunica
phases I and II (Fig. 16), are presented by Raiko
Krauß et al. (2014). 

What is important is that, (1) the 14C-dates based on
stratigraphic 14C-age modelling for the different sites
are consistent with the respective pottery synchro-

Fig. 16. (Upper): D∫uljunica (NE-Bulgaria). Optimized Linear Stratigraphic Age model for Phases D∫ I–II
for average Growth-rate of 1.70yrs/cm, in comparison to INTCAL09 curve (Reimer et al. 2009), INTCAL09
high-precision calibration raw-data (Seattle/Heidelberg); (Lower): GISP2 δδ18O-record (Grootes et al.
1993) as proxy for North Atlantic ocean/atmosphere temperature with GISP2-ages shifted 40yrs younger
according to Weninger and Jöris (2008) in agreement with GICC05-age model (Vinther et al. 2006). 14C-
Data: see Krauß et al. (2014).



nisms in each case at phase level, and (2) the date
of 6050 calBC achieved for the incipient occupation
at D∫uljunica (D∫–I) represents, to the present state-
of-knowledge, the very earliest Neolithic known from
anywhere in Southeast Europe outside the Aegean.
New radiocarbon dates from the old excavations in
Koprivec measured on cattle bones confirm that Neo-
lithic settlement in that particular region does not
begin before D∫uljunica (Scheu et al. forthcoming).

Conclusions

Beginning with the Pre-Pottery-Neolithic (~7500 cal-
BC: Anatolian nomenclature. Fig. 4), the long-dis-
tance dispersal of Neolithic lifestyles from the Near
East to Southeast Europe appears to have been estab-
lished in a stepwise manner. Here we have focus-
sed on achieving high-resolution dates for the intro-
duction of farming in the circum-Aegean regions and
its further dispersal into Southeast Europe. For ar-
rival and dispersal, we distinguish two major chro-
nological steps. The first comprises a land-based
dispersal of the Neolithic from Central Anatolia to
the Aegean and southern Marmara region, and –
probably – also by the sea-based coastal route from
the Near East. This first step, which dates (abbrevi-
ated) to ~6600 calBC (i.e. the onset of RCC-condi-
tions) appears to have been consolidated within a
few decades, although this remains to be validated.
The second step took Neolithic lifestyles away from
the Aegean littoral all the way to north-eastern Hun-
gary, Starting at ~6050 calBC (i.e. towards the end
of RCC-conditions); this step was completed within
200 years. We infer that these processes can partly
be explained by a mitigation of climate-induced bio-
physical and social hazards. 

Time-scales and terminology
The age-models and chronologies discussed in this
paper are based on tree-ring calibrated 14C-ages. Nu-
meric ages are given on the calendric time scale
using [calBP or calBC/AD] units, with AD1950 = 0
calBP as a reference year, using CalPal software
(Weninger et al. 2008) and the INTCAL09 data set
(Reimer et al. 2009). All GISP2-ages are shifted 40yrs
younger than published (Grootes et al. 1993), accor-
ding to Bernhard Weninger and Olaf Jöris (2008).
By this procedure, annual agreement with the re-
counted Greenland ice-core GICC05 age model (Vin-
ther et al. 2006) is achieved. Calibrated numeric 14C-
age values are based on optimised (shortest) 95%

cal-scale intervals [a,b], as calculated from the cali-
brated age-distributions, then re-scaled to provide a
calibrated median [defined as (a+b)/2] and a cali-
brated ‘±’ value (approx. 68%) [defined as (a–b)/
2]. This notation (applied in Figs. 1 and 4) is con-
venient for the purposes of numeric abbreviation
(for tabulated calibrated 14C-ages), as well as provid-
ing room for further graphic contextualisation (e.g.,
representation of large amounts of site data and/or
reference to climate records). The method is deriv-
ed from probabilistic Dispersion-Calibration (Wenin-
ger 1986), simply, by showing only the calibrated
median values and leaving out the envelope curve.
To minimise age-distortion due to the non-commu-
tative properties of the calibration operator, this so-
called ‘bar-code’ method is based on quantum-theo-
retical Bayesian procedures that utilise non-norma-
lised probabilities (Weninger  et al. 2011). The mo-
delling results shown in Figure 12 (Ulucak), Figure
13 (Çukuriçi Höyük), Figure 14 (Barcin Höyük), Fi-
gure 15 (Dikili Tash), and Figure 16 (D∫uljunica)
were achieved by applying an automated version of
the method called ‘Optimizing Gaussian Monte Car-
lo Wiggle Matching’ (oGMCWM) described in Benz
et al. (2012). CalPal-internally all numeric calcula-
tions have annual precision. With the exception of
oGMCWM, this reduces to decadal precision for pro-
gram-external comparisons (e.g., with OxCal or
CALIB). 

∴
All 14C-dates used in this paper are available from:
https://uni-koeln.academia.edu/BernhardWeninger/
CalPal
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N. Ursulescu (ed.), Dimensiunea Europeană a Civiliza-
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