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Potteryis one of the most commonly recovered artefacts from archaeological sites.
Despite more than a century of relative dating based on typology and seriation’,
accurate dating of pottery using the radiocarbon dating method has proven
extremely challenging owing to the limited survival of organic temper and
unreliability of visible residues®**. Here we report amethod to directly date
archaeological pottery based on accelerator mass spectrometry analysis of *C in
absorbed food residues using palmitic (C,,,,) and stearic (C,g.,) fatty acids purified by
preparative gas chromatography®> 8. We present accurate compound-specific
radiocarbon determinations of lipids extracted from pottery vessels, which were
rigorously evaluated by comparison with dendrochronological dates®® and inclusion
insite and regional chronologies that contained previously determined radiocarbon
dates on other materials™ . Notably, the compound-specific dates from each of the
Cie.0and Cyqo fatty acids in pottery vessels provide aninternal quality control of the
results® and are entirely compatible with dates for other commonly dated materials.
Accurate radiocarbon dating of pottery vessels can reveal: (1) the period of use of
pottery; (2) the antiquity of organic residues, including when specific foodstuffs were
exploited; (3) the chronology of sites in the absence of traditionally datable materials;
and (4) direct verification of pottery typochronologies. Here we used the method to
date the exploitation of dairy and carcass productsin Neolithic vessels from Britain,

Anatolia, central and western Europe, and Saharan Africa.

Chronology lies at the heart of archaeology'. Radiocarbon dating by
accelerator mass spectrometry (AMS) is the most widely used method
for providing calendrical chronologies for human activities over the
past 50,000 years”, and is most commonly performed on samples
of charred plant remains and bone”. Radiocarbon dates can be used
alongside relative sequences, such as those derived from stratigra-
phy or the typological analysis or seriation of artefact types, to build
chronological models. Applying Bayes’ theorem enables radiocarbon
dating to provide calendar age estimates with uncertainties as low as
afewdecades™.

Theinvention of potteryin the late Pleistocene epoch was probably
a critical driver for developments in food processing'®?°. Pottery ves-
sels can often be placed in robust relative chronological sequences
using typology and seriation, although obtaining precise and accurate

radiocarbon dates from pottery is challenging®*?. All sources of carbon
associated with pottery vessels have been considered for dating?*,
including organic temper, which occasionally survives firing, and surfi-
cial food crusts, although these are rare and prone to contamination
owing to their exposed nature?. By contrast, the lipidic components of
foodresidues absorbed into—and protected by—the clay matrix during
cooking occur very commonly?®, often in high concentrations (milli-
grams per gram of clay fabric). These offer an untapped resource for
radiocarbon dating. The most common absorbed residues correspond
todegraded animal fats characterized by their high abundances of C.,
and C,g, fatty acids”®. The possibility of using preparative capillary gas
chromatography (pcGC) to isolate chemically pure fatty acids from
suchresidues for compound-specific radiocarbon analysis (CSRA) was
recognized more than 20 years ago®***, Although initial attempts
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Fig.1|Sitelocation map, partial gaschromatograms and stableisotope
determination of compound-specificradiocarbon-dated lipid residues
preservedinNeolithic pottery vessels.a, Map of the location of the
archaeologicalssites for which CSRA was used in this study. Scale bar,1,000 km.
CUI, Cuiry-lés-Chaudardes; ENS, Ensisheim; GEL, Geleen-Janskamperveld;
KAR, Karwowo 1; KON, Kénigshoven 14; LDW, Ludwinowo 7; PPL, Principal

to date pottery vessels were promising, the accuracy and precision
demanded by archaeology could not be achieved owing to unidentified
technical difficulties, leading to highly variable results?*.

We have brought together the latest technologies for radiocarbon
measurements, includingautomated graphitizationand MICADAS com-
pact AMS, in conjunction with high-field 700-MHz NMR, to undertake
systematicinvestigations of the pcGC protocol®®. Rigorous assessment
of contamination in compounds purified by pcGC was undertaken,
leading to our invention of a solventless pcGC trap and implementa-
tion of cleaning procedures to avoid between-run carryover®®, These
advances reduce the exogenous contamination of fatty acids that has
previously been associated with pcGC to below concentrations that
would significantly affect measured radiocarbon ages. For archaeologi-
calanimalfats, it has previously been demonstrated that two fatty acids
isolated from the same matrix generate the same radiocarbon age (that
is, statistically consistent at the 95% significance level), providing an
internal quality control for archaeological dating®. In this study, we aim
to extend thismethod to archaeological pot lipids. We selected pottery
vessels that were richin animal fats from our database of lipid residues
that we accumulated over the last three decades. Pottery vessels from
chronologically well-characterized settings and different burial envi-
ronments were analysed and the compatibility of pot lipid dates with
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East.b, Partial gas chromatograms of aselection of potsherds showing C,.., and
Cys0 fatty acid abundances. ¢, Scatter plots of AC (= 8"C g, — 8°C,¢,0) values
plotted against §'*C 4, values (mean of 2 measurements) for all of the sherds
dated (n=31), ranges on theleft denote the mean+1s.d. of modernreference
fats,asreportedinref.?.

these existing chronologies was evaluated by statistical comparison
of posterior density estimates for the key parameters and the use of
indices of agreement withinclusionin these known frameworks (Fig. 1,
Extended Data Table 1and Supplementary Information1).

Weinitially focused on Neolithic Carinated Bowl pottery fromthe Sweet
Track (Fig.2a), an elevated wooden trackway discoveredinawetland area
ofthe Somerset Levels**** in the United Kingdom (Supplementary Infor-
mation2). Thissiteis critical because its construction has been precisely
dated by dendrochronology to the winter—early spring of 3807-3806 BC
and the trackway was used and maintained for approximately 10 years'™.
Lipids from pots that were found alongside the trackway, and were prob-
ably contemporaneoustoits constructionand use, have previously been
dated, but the measured dates were a century later thanthe construction
of the trackway?. Re-analysis of the two vessels (Fig. 2b) using our new
approach produced uncalibrated radiocarbon ages of 5,110 + 25 years
before present (BP; takenas AD1950) (SW1) and 5,092 +26 BP (SW2), which
arestatistically indistinguishable (7"=9.0, 7'(5%) =9.5,v=4) from the meas-
urementsofthetreeringsincludedintheIntCall3 calibration curveforthe
relevant decade® (Fig. 2c). The calibrated dates of these ages are clearly
compatible with the tree-ring dates for the construction of the trackway.

Extending our approach to Anatolia, the Neolithic tell of Catal-
hoyiik East was a locus for the emergence and development of pottery
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Fig.2|Sweet Track timbers, apottery vessel and calibrated radiocarbon
dates. a, Photograph of Sweet Track timbers. b, Photograph of a Carinated
Bowl (SW2) that was recovered alongside the Sweet Track. Scale bar, 5cm.c,
Probability distributions of dates from pots deposited next to the Sweet Track
(green) and from oak trees (black) included in IntCal13% that include the date of
the Sweet Track constructionin 3807-3806 BC. Each distribution represents
therelative probability that an event occurs ata particular time. For each of the
dates, two distributions have been plotted: onein outline, whichis the simple
radiocarbon calibration, and asolid distribution, based on the model used. The
square bracket down the left side along with the OxCal keywords define the
overallmodel exactly (provided in Supplementary Information 2). A, Ao, and
A,aretheindividual agreementindices, the combination agreementindices
and the acceptable threshold to combine nradiocarbon dates, respectively.
The photographs were provided by S.M. and are reproduced with permission
fromthe Somerset Levels Project.

production. A21-m-deep stratigraphic sequence provides strong archae-
ological priorinformation for aBayesian chronological model that covers
the upper parts of the mound (TP area)™. The sequence of houses, mid-
densand burial structures has been combined with 50 radiocarbon dates,
revealing aNeolithic sequence of occupation from the mid-sixty-fourth
tothemid-sixtieth centuries calibrated (cal.) BC™. Our compound-specific
radiocarbon ages on adipose lipids? from four pottery vessels from four
different contexts (TP.M17, 7,382 + 31 BP; TP.N10, 7,348 + 25 BP; TP.023,
7,340 +278P; and TP.P13, 7,364 + 25BP) were incorporated into the Bayes-
ian chronological modelfor this part of the site (Extended Data Figs.1,2
and Supplementary Information 3). The revised model for the Neolithic
depositsinthe TP area shows posterior distributions for the key param-
eters that are almost identical to those from the original model™. Their
medianvalues vary by an average of 4 years and amaximumof 10 years,
confirmingthe compatibility of the radiocarbon ages determined using
fatty acids with the site stratigraphy. On the basis of sensitivity analyses
(Supplementary Information 3), this well-constrained model is at least
as sensitive as measurements on paired materials to detect inaccura-
cies. In this case, the CSRA dates not only provide direct dating for the
importance of ruminant carcass products (Fig. 1c) to the inhabitants of
Catalhoyiik at this time (derived from 6"C values of preserved fats), but
also provide direct dating evidence for the climatic changes associated
with the global event of 8.2 thousand years ago (derived from compound-
specific deuterium isotope analyses using the same fats)?.
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The next analysis tests the accuracy of our dating approach using
aclassic pottery seriation study related to Neolithic ceramics from
Lower Alsace (France) that spans the second quarter of the fifth mil-
lennium cal. Bc?? (Supplementary Information 4). The regional corre-
spondence analysis clearly separates the Hinkelstein, Grossgartach,
Planig-Friedberg and Réssen Middle Neolithic ceramic groups. We
focused on vessels from three pits, all of which can be assigned to the
Grossgartach phase (Fig. 3a, b). The sequence of ceramic phases was
combined with the existing assemblage of 95 radiocarbon dates, which
were largely measured on articulated bones, along with four CSRA dates
on fatty acids (ROS-C-4596, 5,804 + 25 BP; ROS-C-4600, 5904 + 28 BP;
ROS-C-4644, 5,931 + 26 BP; and ROS-C-4657, 5,912 + 28 BP) from the
Grossgartach sherds in a model using Bayesian statistics. The phase
boundariesin this revised model are very similar to those produced by
the original analysis'?, as median values differ by an average of 6 years
and amaximum of 15 years (Fig. 3c). The sensitivity analyses (Supple-
mentary Information 4) demonstrate that the model is particularly
sensitive to small biases, and probably more sensitive than measure-
ments on paired materials. The CSRA dates are clearly compatible with
the attribution of these pottery vessels to the Grossgartach ceramic
phase based on their decorative motifs, and with the other radiocarbon
dates for this group.

We then explored the introduction of a new food product—that is,
milk—into Neolithic Europe by undertaking radiocarbon dating of
animal fat residues, including dairy fats, that were recovered from early
farming settlements with Linearbandkeramik (LBK) pottery (Fig. 1).
These communities settled in central Europe fromthe early fifty-fourth
century BC®. Animal fatsin12 potsherds from the earliest LBK contexts
at 6 sites, in Poland, France, Germany and the Netherlands, produced
radiocarbon dates that were modelled and shown to be compatible
with the currency of LBK ceramics in northernand western Europe'®
(Extended DataFigs. 3,4 and Supplementary Information 5). Sensitiv-
ity analyses (Extended Data Fig. 4 and Supplementary Information 5)
demonstrate that this model is more sensitive to older biases as we
focused onearly settlements, illustrating the direct dating of anew food
commodity. The radiocarbon dates on the earliest dairying residues
suggest that the practice beganin 5385-5225 cal. BC (95% probability;
start LBK lipid; Extended Data Fig. 3) and probably arrived with the
earliest farmers in these areas. Thus, the linking of fatty acid struc-
tures with compound-specific carbonisotope values and CSRA dates
provides a powerful means of directly dating prehistoric foodways
and their introduction.

We nextinvestigated pottery from the Sahara Desert to provide a test
of the methodology for aregion in which depositional conditions are
very different fromthe temperate climes of northern Europe. The Takar-
korirockshelter, located inthe now hyper-arid area of the Acacus Moun-
tains, southwest Libya, demonstrates evidence of animal exploitation
based onrock art and archaeological finds™ (Extended DataFigs. 5, 6).
Previous work revealed abundant adipose and dairy fat residues in frag-
ments of the pottery vessels®. Stratigraphy and radiocarbon dating of
arange of materials (bone collagen, charred plant remains, dung, skin
and enamel bioapatite) placed deposits associated with Middle Pastoral
pottery in the sixth-fifth millennia cal. Bc'***?°, The fatty acids from
5 potsherds, containing dairy fat (Extended Data Fig. 6b), produced
uncalibrated radiocarbon ages of 5,993 + 28 BP (TAK443), 5,979 + 28 BP
(TAK120), 5,493 +28 BP (TAK420), 5,348 + 24 BP (TAK21) and 5,085 + 24 BP
(TAK1572). The CSRA dates were proven to be entirely compatible with
the currency of Middle Pastoral Neolithic ceramics (Extended Data
Fig.6d and Supplementary Information 6), and the direct radiocarbon
dating of dairy residues confirms that dairyingin North Africabegan as
early as the end of the sixth millennium cal. Bc'**%, Although the model
sensitivity is weak based on the small number of reference dates that it
includes (Extended Data Fig. 7 and Supplementary Information 6), it
demonstrates the possibility of dating potsherds from extremely arid
burial conditions. In addition, direct dating of pottery lipids represents
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amajor contribution to ascertain the correct cultural attribution of
materials found in loose sediments (organic sands), which are typi-
cal of desert environments and frequently found in highly disturbed
sequences™.

Finally, archaeological excavations of several pits by the Museum of
London Archaeology in advance of building works at Principal Place,
London (PPL11) revealed one of the largest assemblages of Neolithic
pottery recovered so far fromthe City of London or itsimmediate envi-
rons. Notably, the only finds other than pottery recovered from this
deposit (lithics, bones and charred plant remains) were compromised
by later disturbance and truncation. The assemblage comprised Neo-
lithic plain and decorated bowls, consisting of thin-walled medium-
sized open/neutral bowls, together with several smaller open bowls/
cups (J.C.etal.,, manuscriptin preparation). Similar material has been
found elsewhere in the Thames Valley and beyond. Lipid-residue analy-
ses revealed high concentrations of degraded animal fats in several
sherds, which were shown by compound-specific §C values to derive
from dairy and adipose fats (Fig. 1c). Radiocarbon measurements
of fatty acids from four plain sherds yielded uncalibrated ages of
4,911+ 27 BP (PPLO12), 4,742 + 22 BP (PPLO15), 4,652 + 26 BP (PPL020)
and 4,733 +22BP (PPL021). A statistical model confirms that the pottery
dates fit well within the currency of Plain Bowls in southern Britain®
(Extended Data Fig. 8 and Supplementary Information 7). The sensitiv-
ity analyses (Extended Data Fig. 9 and Supplementary Information 7)

[ Boundary end RS/start Bl
R_Date Poz-33544 (A =1
After Meist.113 (possibly residual)
R_Date P0z-32446 (A = 100)
R_Date Poz-32445 (A = 103)
R_Date Poz-32444 (A = 103)
After possibly residual
R_Combine TOTL_RL_028 (A = 108)
R_Date SUERC-46450 (A = 103)
Phase Meist.116
R_Date GrA-45797 (A = 121)
R_Date GrA-45953 (A = 123)
Combine Entz.Tdc.17 (n1 =2, A_, ., = 131.6% (A, = 50.0%))
R_Date SUERC-52377 (Ober.éﬂ 06) (A = 109)
R_Combine Ros.55 (A = 89
R_Combine Ros.50 (A 8

R_Date SUERC-46443 (Ros.36) (A =
L Phase Rossen
Boundary end P-F/start RS
[Phase Planig-Friedberg
Boundary end GG/start P-F

104)

Phase Rosheim-Sandgrube, pit 50

R_Date SUERC-46440 (Ling.37) (A = 82)
R_Date OxA-27820 (Erst. 28) (A=101)
R_Combine Erst.19 (A = 121)

R_Date SUERC-46284 (Ros 111) (A = 99)
R_Date OxA-27818 (Ros.87) (A = 101)
R_Date SUERC-46435 (Ros.82) (A = 112
R_Date Poz-34086 (Entz.7162) (A = 113)
R_Date Poz-34094 (Entz.7157) (A = 127)
R_Date SUERC-46278 (Ros.108) (A = 95)
R_Date SUERC-46283 (Ros.100) (A = 97)
R_Date OxA-27817 (Ros.95) (A = 121)
R_Date OxA-27815 (Ros.91) (A = 118)
R_Date SUERC-42679 (Ros.88) (A = 9
R_Date OxA-27816 (Ros.83) (A = 100)

R_Date Poz-34093 (Entz.7125) (A =
Entz.7007) (A =
Entz.7103) (A
A
(A
(A

Entz.7119)
Entz.7117)
Entz.r114)
R_Date OxA-27813 (Ros.112

=120)

Entz.7121)
Entz.7126)

R_Date Poz-34083
R_Date Poz-34073 (Entz.7043)

(A
(A
(A
R_Date Poz-34091 (Entz.7112) (A
A
(A=

R_Date Poz-34077 (Entz.7105) 1
R_Date SUERC-46274 (Ros.85)
R_Date SUERC-46273 (Erst.7) (A = 109)
R_Date OxA-27810 (Ling.42) (A = 105)
|_Phase Grossgartach
Boundary end HK/start GG ————
[ R_Date SUERC-60026 (Aldingen 7) (A =
R_Date SUERC-60027 (Aldingen 2) (A =
R_Date Poz-34074 (Entz.7056) (A = 87)
R_Date Poz-33546 (Erst.2) (A = 121)
L Phase Hinkelstein
End end start HK

Start start start HK
L_Boundary start of HK
‘Sequence Alsace Middle Neolithic (Amcds\ = 100)

Ll L
5400 5200 5000 4800 4600 4400

Modelled date (cal. Bc)

analysis on the cultural assemblages (axis 1) and horizontal decorative motifs
(axis 2), including features that contained the dated sherds from the Alsatian
Neolithicgroups. ¢, Revised statistical model of the Middle Neolithic with
radiocarbon dates on potlipidsincludedin grey. The dataareshownas
describedinFig.2c. A .o isthe model agreementindex.

are weaker in this case, but demonstrates the value of dating absorbed
lipid residues in situations in which no other datable material exists.
Our ability to undertake accurate radiocarbon dating of compound-
specific fatty acids from pottery was invaluable in affording a temporal
insight into some of the earliest traces of human activity in what is
now the City of London.

In summary, the radiocarbon determinations of lipid residues from
Neolithic pottery vessels presented above, modelled against site chro-
nologies, establish the CSRA of fatty acids asarobust tool for archaeologi-
cal dating. Importantly, our method and findings bring pottery vessels
within the range of other archaeological materials that are routinely
dated by radiocarbon. The importance of this advance to the archaeo-
logical community cannot be overstated. Pottery typology is the most
widely used dating technique inthe discipline, and thus the opportunity
toanchor different kinds of pottery securely to the calendrical timescale
willbe of utmost practicalimportance. Notably, pottery often survivesin
circumstances in whichother organic materials often donotand, there-
fore,archaeological questions relating to chronology that are currently
intractable will come within the scope of our technologies.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Lipid extraction andisolation

Potsherds were selected on the basis of the presence of terrestrial
animal fats (dairy and ruminant carcass fats) in the lipid residue to
avoid any possible reservoir effect caused by the processing of aquatic
productsin pots. A piece of 1-10 g of the potsherd was sampled, accord-
ing to the lipid concentration. The sherds were extracted in a glass
culturetube usingH,S0,/MeOH (4% v/v,3x8ml, 70 °C,1h). The super-
natants were centrifuged (2,500 rpm, 10 min) and combined into new
culture tubes containing double-distilled water (5 ml). The lipids were
extracted with n-hexane (4x 5 ml), transferred into 3.5-ml vials and
blownto dryness atroomtemperature under agentle nitrogen stream.
Subsequently, around 180 pl of n-hexane was added to obtain a con-
centration of fatty acid methyl esters (FAMEs) at 5 pg of C pl™ before
transfer to an autosampler vial for isolation by pcGC.

The pcGC consisted of a Hewlett Packard 5890 series Il gas chro-
matograph coupled to a Gerstel Preparative Fraction Collector by a
heated transfer line. The pcGC was equipped with a columnwith a100%
poly(dimethylsiloxane) stationary phase (Rxi-lms, 30 m x 0.53 mm
inner diameter, 1.5 pm film thickness, Restek). Helium was used as
the carrier gas at a constant pressure of 10 psi. The GC temperature
programme started withanisothermal hold at 50 °C for 2 min, the tem-
perature was increased to 200 °C at 40 °Cmin, t0 270 °Cat10 °C min™*
and finally increased to 300 °C at 20 °C min" and held for 8.75 min.
The Cyo and Cg.o FAMEs were injected (1 pl per run), separated and
trapped 40 times per trapping sequence. Of the GC column effluent, 1%
flows to the flame ionization detector, while the remaining 99% passes
through a transfer line into the fraction collector, both of which were
heated to 300 °C. Compounds were isolated based on their retention
times®. The stationary phase degradation of the pcGC column and other
sources of exogenous carbonaceous contamination were monitored
onaBrucker Avance lllHD 700 MHz NMR instrument following a previ-
ously published procedure®®.

Radiocarbon determinations and statistical analysis
ThepcGCisolated compounds were transferred into Al capsules, after
which they were combusted and graphitized ina Vario Microcube Ele-
mental Analyser linked to an Automated Graphitisation System (AGE 3,
lonPlus). All of the radiocarbon measurements were performed by the
Bristol Accelerator Mass Spectrometer (BRAMS) facility at the Univer-
sity of Bristol. Datareduction was performed using the software BATS*
(v.4.07).Radiocarbon dates obtained for FAMEs were corrected for the
presence of added methyl carbon using a mass balance approach>¢*
andreported as the conventional radiocarbon ages® (Supplementary
Information1).

Two contemporaneous compounds (Cy.o and Cyg,, fatty acids) were
dated and every pair of statistically indistinguishable measurements
(at the 95% significance level)* was combined as a weighted average
before Bayesian chronological modelling using OxCal v.4.2 and v.4.3'5
andthe currently internationally agreed radiocarbon calibration curve
for the Northern Hemisphere, IntCal13%. The compatibility of the
radiocarbon dates on absorbed fatty residues with existing sites and
regional chronologies was assessed by including the lipid radiocar-
bon dates into existing statistical frameworksin a position defined by
archaeological information (for example, stratigraphy or seriation).
Their compatibility with the existing chronologies were achieved by: (1)
comparison of posterior density estimates for key modelled parameters
with equivalent date estimates or known age by dendrochronology;
(2) using the individual and model agreement indices®** in models
containing fatty acid dates; and (3) comparing posterior density esti-
mates for key parameters from models thatinclude the fatty acid dates
to amodel that does notinclude the fatty acid dates (Supplementary

Information 1). The sensitivity of existing chronological models to
the addition of the new radiocarbon measurements was evaluated as
above, after deliberately biasing the radiocarbon dates on pottery ves-
selsto varying degrees while assessing the effect on posterior density
estimates for the key parameters and indices of agreements (Supple-
mentary Information1-7).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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OxCal v4.2.4 Bronk Ramsey (2013); r:1 IntCal13 atmospheric curve (Reimer et al. 2013)
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OxCal v4.2.4 Bronk Ramsey (2013); r:1 IntCal13 atmospheric curve (Reimer et al. 2013)
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Extended DataFig. 3 | Probability distributions of radiocarbon dates from absorbed fatty acids in LBK ceramics. Data on absorbed fatty acids arelisted in
Extended Data Table 1. Black, dairy; blue, ruminant adipose; red, non-ruminant adipose. Data are shown as described for Extended Data Fig. 2.



OxCal v4.3.2 Bronk Ramsey (2017); r:5

Prior start start LBK llb *

Prior end start LBK Ilb A,

Prior start earliest west — s

Prior start earliest east ___4__

Prior start LBK lipid %

Prior start LBK lipid +10

Prior start LBK lipid +20

Prior start LBK lipid +3c

Prior start LBK lipid +4oc

Prior start LBK lijpid +8c

I 1 1 1 1 1 L 1 1 1 L L 1 1 1 1 1 L L | 1 L 1 L
5700 5600 5500 5400 5300 5200 5100 5000
Modelled date (cal BC)

Extended DataFig. 4 |Sensitivity analyses of radiocarbon dates on LBK lipids presented in Extended DataFig. 3 (red distributions), and subsequently
ceramics. Key parameters for the start of the use of LBK ceramics (blue deliberately biased by 10, 20,30, 40and 8ato younger (orange distributions)
distribution)—derived from the models defined in Extended DataFig. 3, figure and older (pink distributions) values. Some distributions may have been
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Extended DataFig. 6 | Site stratigraphy, photographs of potsherds and the five potsherds analysed showing typical Middle Pastoral decorative
radiocarbondates of Middle Pastoral pottery vessels from Takarkori patterns. ¢, Example of temporally and spatially wide deposit of organic sands
(Libya) modelled using Bayesian statistics. a, Stratigraphic context of (detail of layer 25, Takarkori main sector). d, Statistical model of the Middle
sampled potsherds from Takarkori east-west profile of thesouthernwallofthe ~ Pastoral period showing the comparison of potlipid dates (ingreen) with
Takarkorinorth-south (Extended DataFig.5). (a) aeoliansand; (b) sand rich in previousradiocarbon measurements. Data are shown as described for

organic matter; (c) lenses of undecomposed plant remains; (d) ash; (e) charcoal;  Extended DataFig.2.
(f) slurry deposit; (g) eroded sand from the wall; (h) bedrock. b, Photographs of
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OxCal v4.3.2 Bronk Ramsey (2017); r:5 IntCal13 atmospheric curve (Reimer et al 2013)
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Extended DataFig.7|Sensitivity analyses of radiocarbon dates on vessels the Extended Data Fig. 6d and models including fatty acid dates that were
from Takarkorirockshelter, Libya. Probability distributions for the deliberately biased by 10, 20,40, 80,200and 400. Dataare shown as described
beginning and end Middle Pastoral period ceramics from Takarkorirock for Extended DataFig. 4.

shelter, Libya (no pot lipid dates) compared with those of the model shownin
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distributions have been taken from the models described in the text and in the Supplementary Information. Data are shown as described for Extended Data Fig. 2.
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Extended DataFig. 9 |Sensitivity analyses of radiocarbon dates on vessels themodelshownin Extended Data Fig. 8 and modelsincluding fatty acid dates
from Principal Place, London. Probability distributions of the startandend of ~ that were deliberately biased by 20,40,80and 160. Data are shown as described
early Neolithic Plain Bowl pottery in southern Britain compared with those of for Extended DataFig. 4.




Extended Data Table 1| Summary of radiocarbon dates of lipids preserved in pottery vessels

Site Location Potsherd # Description ce Laboratory# Cicoage Cisoage Combined  Reference
(ue/e) age
Sweet Track Somerset levels, Swi Carinated Bowl, refitted sherd 13,806 BRAMS-1520 5,105 + 33 5,114 + 32 5,110 + 25 9,10, 25
England SW2 Carinated Bowl, refitted sherd 4,900 BRAMS-1521 5,089 + 38 5,094 + 32 5,092 + 26
Catalhoyiik East Konya, Turkey TP.M17 Holemouth jar, single sherd 393 BRAMS-1654 7,338+42 7,416 £ 39 7,382+31 11, 27
‘TP Area’ TP.N10 Holemoutbh jar, refitted sherd 575 BRAMS-1699  7,318+29  7,378+30  7,348+25
TP.023 Holemouth jar, refitted sherd 1,390 BRAMS-1546 7,290 £ 36 7,375+ 32 7,340 + 27
TP.P13 Holemouth jar, single sherd 362 BRAMS-1703  7,328+36  7,394+29  7,364+25
Rosheim Lower Alsace, ROS-C-4596 Coarse Kumpf, single sherd 973 BRAMS-1526 5,810 + 30 5,798 + 30 5,804 + 25 12
‘Sandgrube’ France ROS-C-4600 Coarse Kumpf, refitted sherd 4,163 BRAMS-1527 5,897 + 36 5,909 + 35 5,904 + 28
ROS-C-4644 Fine Kumpf, single sherd 6,064 BRAMS-1525 5,937 +33 5,926 + 30 5,931+ 26
ROS-C-4657 Coarse Kumpf, single sherd 1,914 BRAMS-1524  5,885+37 5934+34  5912+28
Ensisheim Upper Alsace, ENS-C-5913 Coarse Kumpf, single sherd 1,177 BRAMS-1915 6,345 + 31 6,303 £ 31 6,324 £ 26 12,13
‘Ratfeld’ France ENS-C-5915 Coarse Kumpf, single sherd 771 BRAMS-1916 6,383+32 6,314+33 6,348+26
ENS-C-5934 Coarse Kumpf, single sherd 1,645 BRAMS-1958  6,282+30 6,258+30 6,270+ 25
ENS-C-5940 Coarse Kumpf, single sherd 2,082 BRAMS-2031 6,162 + 33 6,239 + 30 6,206 + 26
Cuiry-lés- Aisne, CUI-C-5708 Coarse Kumpf, single sherd 881 BRAMS-1917 6,252 + 34 6,218 + 36 6,236 + 27 12,13
Chaudardes France CUI-C-5801 Coarse Kumpf, single sherd 9,886 BRAMS-2021 6,138 + 30 6,134 + 30 6,136 + 25
Kénigshoven 14 Rhineland, KON-C-5594 Coarse Kumpf, single sherd 531 BRAMS-2029 6,253 + 29 6,298 + 29 6,276 + 24 12,13
Germany KON-C-5598 Coarse Kumpf, single sherd 1,023 BRAMS-2026 6,106 + 34 6,139+ 34 6,123 + 27
Geleen- Graetheide, GEL-C-3298 Coarse Kumpf, single sherd 577 BRAMS-2032 6,188 + 31 6,253+ 29 6,224 + 25 12,13
Jansk veld  The Netherlands
Karwowo 1 Pomerania, KAR-C-3636 Coarse Kumpf, single sherd 3,316 BRAMS-2028 6,176 + 30 6,230 £ 30 6,204 + 25 12,13
Poland KAR-C-3677 Coarse Kumpf, single sherd 1,900 BRAMS-2025  6,255+30  6,214%£32 6,236+ 26
Ludwinowo 7 Kuyavia, Poland LDW-C-2267 Coarse Kumpf, single sherd 323 BRAMS-2024 6,173 + 36 6,179 + 30 6,177 + 26 12,13
Takarkori Acacus TAK 21 Decorated, single sherd 9,503 BRAMS-1522 5,362 + 33 5,331+32 5,348 + 24 14, 28, 29
Rockshelter mountains, TAK1572 Decorated, single sherd 3,558 BRAMS-1523 5,099 + 38 5,071+ 32 5,085 + 24
Libya TAK 120 Decorated, single sherd 5,593 BRAMS-2608  6,008+35 594935 597928
TAK 420 Decorated, single sherd 1,119 BRAMS-2609 5,487+34 5498+35 5,493+28
TAK 443 Decorated, single sherd 17,217 BRAMS-2610  6,021+35  5962+35 5,992+ 28
Principal Place London, England  PPLO12 (<1814>) Plain Bowl, single sherd 713 BRAMS-2618 4,894+34 4,928+33  4911%27 15
PPLO1S (<1845>) Plain Bowl, refitted sherd 1,999 BRAMS-2479 4,708 +33  4,771+£30  4,742+22
PPL020 (<1850>) Plain Bowl, refitted sherd 3,660 BRAMS-2483 4,628 +40 4,670 + 34 4,652 + 26
PPLO21 (<1819>) Plain cup, single sherd 2,985 BRAMS-2485  4,732+32  4,734+30  4,733+22

Vessel descriptions, lipid concentrations and conventional radiocarbon ages (as defined previously® and calculated according to previously published methods®) of C,s,, and C,q, fatty acids
(which passed the internal quality control) extracted from pottery vessels.
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