TN-MAL700%
2102662

|AEA virtual training on measurement
techniques for natural and artificial
radionuclides and radiochemical methods for

MALAYSIA

their determination in marine environment

V v
\ Y
11 October 202112 November 2021 N &
1AEA
Ar:mjf;r j’ea:e and DeefZlo,::zez
9 November2021
Sessiorb2. Basicprinciplesof G14 dating MYA70D82104243
MYANMAR

Ines KRAJCARwW h bk dxS S NJ . Irstifute Z&ykebQroatia)



Content Archaeometry Why Is dating important?
Introduction to radiocarbon dating

Distribution and possible applications
Sample preparation and measurement
Basic assumption of radiocarbon dating
Calibration
|sotope fractionation and normalization
Contamination
Age calculation and nomenclature
Expression of results
Reservoir effect
Some examples of dating
Notes to remember




ARCHAEOMETF

Various (slightly different) definitions:

A application of analytical techniques from the field of engineering and
related natural sciences

A the analysis of archaeological materials using analytical techniques
borrowed from the physical sciences and engineering

A application of the physical, chemical and biological sciences to
archaeology and the history of art

Archaeometry- application of methods and conceptsof
naturalandtechnicalsciencesn order to contribute to the
solutionof culturakhistoricalquestionsand problems

MMmultidisciplinary field



Physics Archaeology

Chemistry Historyof Art
RY

Geosciences Preservatiorof
culturalheritage

Archaeometryis the interface between

the natural and the culturahistorical sciences



Thetopicscoveredby archaeometryinclude:

dating methods, artefact studies, material structure and
compositionstudies, nuclear technigues spectroscopytechniques,
mathematical methods, remote sensingtechniques, conservation
science, environmental reconstruction, biological anthropology,
archaeologicatheory...

Modern archaeometry began with the discovery of radiocarbon
dating in the 195Gs. Introduction of radiocarbon dating caused
ad NI RA 2N @D 2 deiarkhaeblégy,and changedthe way of
lookingat variouscultures,their appearancedevelopmentand fall,
andinterdependenciesinfluencesetc.



An important objective in cultural heritage studiesasorder past
events chronologicallyoy analyzing materials associated with past
human activities.

Radiocarbordating, or **C dating is probably one of the most widely
used and best known absolute dating methods.

Another important dating technique for archaeologists is
luminescence datingeither as thehermostimulated(TL) or optically
stimulated OSI) version, depending on the radiation used to release
trapped electrons in quartz and feldspar grains.

For wood and wooden samplessndrochronologycan be applied. .



Dendrochronology

A datingof wood, i.e., woodenobjects2 ¥ I NI X FdzN}Yy A (GdzZNBEZ o0SFYa Ay
A usedalso for calibration of conventionadfC ages
A usedfor paleoenvironmentateconstruction
Dendrochronology
Principle of Crossdating
comparing different trees to find the ring patterns o
i GROWTH YEAR
old dead tree | living tree b
RAINY SEASON
) L s
1850 — )‘)\)‘ ‘j
MMM ) ——— DRY SEASON
il ' Cll“ ,,x,;hD LC MMA
= - (FOREST FIRE, EG)

F(@ T o) F

this allows us to assign
exact dates to each ring

JE . M Bl J

shutterstock.com « 1441975655



geo.arizona.edu

Radiometrianethods

A The decay rate expressed as Hi# of an
isotope, T, , which is not dependent on £
environmental conditions or material =
A Radioactie decay is a base for an accurate _
aOf 201¢ F2NJ YSI 8dzNBYSy T
establishment of an absolute time scale
A Time period that can be dated depends qp T
of the isotope, it is about 10 xJ

T T T T T T T T T T
] 5570 111 40 15710 22280 27250

| sotope T2 (Y) p?oeé:j‘é Tirme (yr)
8"Rb 4.8 x 10'° 87Sr
238y 4.46 x 10*° 206pp
232Th 1.4 x 107'° 208pp

OK 1.3 x 10° OAr
235y 7.04 x 10°® 207pp

-\ 7.16 x 10° “°Mg

36l 3.0 x 10° 3eAr

C 5730* 14N 5568 yc¢ Libbyhalf-life




Radiocarbon datin

A Radiocarbon dating, or carbon dating, is a radiometric dating method that uses the
naturally occurring radioisotop¥C to estimate the age of carbonaceous materials up
to about57,000 years

A Generation of radioactiv&C occursprimarily in the upper troposphere, but C (mostly
as C0@ mixes thoroughly in the atmosphere, and is incorporated into living organism:

A Whenplants fix atmospheric carbon dioxide (@to organic material during
photosynthesis, they incorporate a quantity'6€ that approximately matches the
level of this isotope in the atmosphere (a small difference occurs because of isotope
fractionation, but this is corrected after laboratory analysis).

A After plants the 4C fraction of this organic material declines at a fixed exponential ra
due to the radioactive decay &iC.

A Comparinghe remainingt4C fraction of a sample to that expected from atmospheric
14C allows the age of the sample to be estimated.

A After about tenhalf-lives(~57ka) there is almost no mor¥C left in the tissue
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Discoveryof 14C

Obituary

Martin Kamen

Scientist, caliscoverer of the isotope that gave
archaeologycarbondating, and innocent victim

of America's Communistitchhunts
(PearceWright, The Guardian
Monday 9 September 2002

The American scientist Professor Martin
Kamen was the co-discoverer of the
radioactive isotope carbonl4. The finding
transformed biochemistry as a tracer
following chemicalprocessesn plants,while
Its use in the carbon dating of fossilsand
ancient artifacts between 500 and 50,000
yearsold revolutionizedarchaeology

MARTIN DAVID KAMEN

27 AUGUST 1913 - 31 AUGUST 2002
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http://www.guardian.co.uk/theguardian

Science 10 May 1963:
Vol. 140 no. 3567 pp. 584-590
DOI: 10.1126/science.140.3567.584

Sam Ruben and Martin Kamen co-discovered
the isotopecarbonl4 on February27, 1940 at
the University of California Radiation
Laboratory, Berkeley when they bombarded
graphitein the cyclotronin hopesof producing
a radioactiveisotope of carbon that could be
used as a tracer in investigating chemica
reactionsin photosynthesis Their experiment
resultedin productionof carbon14.

Ruben S, KameMD$194O _
Radioactivecarbonof long-half life.
PhysRev 57: 549

Martin Kamen has been named one
of two winners of this year'€L995)
Enrico Fermi Award. The §2ar old
Kamenis joined by 83/earold
physicistUgoFanqg who won for his

pioneering contributions to the theory

of atomic and radiation physics.

Early History of Carbon-14

Discovery of this supremely important tracer was expected
in the physical sense but not in the chemical sense.

When, how, and why was carbon-14
discovered? As T, S. Kuhn has re-
marked (/), discovery is seldom a
single event that can be attributed
wholly to a particular individual, time,
or place. He notes that some dis-
coveries, such as those of the neutrino,
radio waves, and missing isotopes or
clements, are predictable and present
few problems, as far as establishment
of priority is concerned. Others, such
as the discoveries of oxygen, x-rays,
and the electron, are unpredictable

Martin D. Kamen

and philosophers. Perhaps the novelists
will dig into the record of these excit-
ing times for fresh insights into the
age-old drives of mankind.
Carbon-14, the long-lived carbon
isotope, is the most important single
tool made available by tracer method-
ology, because carbon occupics the
central position in the chemistry of
biological systems. Thus it plays, and
will continue to play, an essential role

These put the historian in a “bind”
when he tries to decide when, how,
who, and where the discovery was
made. Much more rarely does he have
a basis for an answer to the question
“Why?"

I propose in this account of the
“prenatal” history of carbon-14 to pro-
vide the answers to my leading ques-
tions (2). These make a story which
is a fragment of the whole record.
That record must be constructed by
future historians who seck to probe
the cvents of a period in which there
has been an unparalleled impact of
intellectual curiosity and scientific crea-
tivity on the structure of society.

The tremendous outburst of tech-
nology in the past half century, the
result of the rise of nuclear science,
has crowned man’s quest for the phi-
lospher’s stone so successfully as to be
hardly credible even to the most opti-
mistic alchemist. Tracer methodology,
an offspring of nuclcar science, has
provided essential support for the ever-
widening and deepening knowledge of
structure and function in biological sys-
tems, expressed as the dynamic science
of molecular biology.

These develop have profound
but unknown, implications for the
future of our social structures. They
obviously bring with them an un-
exampled load of grist for the mills
of cultural historians, social scientists,

584

By 1933, such data—binding en-
ergies, angular distributions in scatter-
ing experiments, and so on—had dem-
onstrated that nuclear forces could be
described as analogous to saturation
exchange forces like those postulated
previously for chemical. beading. The
so-called “alpha-particle” model of the

| already ined the seeds
of what was to be the full-fledged
modern “shell” theory of nuclei, to be
developed later by Maria Mayer,
Eugene Feenberg, and others,

As to my part in this, I was a young,
eager student and had just begun
doctoral research, using the Wilson
cloud chamber to study the angular
distribution of neutrons scattered in
collisions with protons and other nuclei,
These researches were part of a general
program initiated in the laboratory of
W. D. Harkins in the chemistry depart-
ment at the University of Chicago (4).
My decision to work in this field was
largely a result of the influence of
D, M. Gans, Harkins' associate and
an assistant professor in the depart-

Most significantly for this history,

in the eclucidation of biochemical ment (5).
h knowledge of which is
essential in the further develop of

molecular biology. Obviously, the cir-
cumstances surrounding its discovery
are valid objects of interest for the
historian (3).

Initial Phases, 1934-36

In the carly 1930%, nuclear physics,
immersed in the great traditions of the
Cambridge school led by Ernest
Rutherford, was concerned primarily
with observations of processes asso-
ciated with the scattering of elementary
nuclear particles by various atomic
nuclei. Reports in those times show
pai king determi of range-
cnergy relations for the fundamental
projectiles (protons, deuterons, alpha
particles). The energies used did not
exceed approximately 10 Mev, because
of the limitations set by the relatively
primitive accelerators and by the radia-
tion characteristics of the naturally
radioactive materials that were avail-
able. The rationale for such work,
which often involved tedious attention
to detail and much labor, was that
if enough precise facts were put to-
gether, accurate binding energies for
nuclei could be deduced. From these
energics, it was reasoned, there could
be derived a solid basis for further
attack on the problem of the nature
of nuclear forces.

imilar work was also under way at
Yale, where F. N. D. Kuric, investigat-
ing neutron-induced disintegration of
light elements, had obtained certain
anomalous results for the angular dis-
tributions of protons in collisions with
neutrons, In 1934 he proposed a
radical interpretation (6) of certain
events he noted in the cloud chamber.
When nitrogen was exposed to fast
neutrons, for instance, he noted that
in some cases the ejected nucleus pro-
duced a very long, thin track. This
he ascribed to a proton, rather
than to an alpha particle. Thus, he
supposed that the wusual reaction,
N*(n,He')B", was accompanied by a
less frequent but readily observable
reaction, N*(nH)C". (As far as I
am aware, this is the first suggestion
in the literature that C* might exist.)
Kurie also suggested, however, that the
tracks he was observing might arise
from H?, or even H', and thus that the
reactions N*(n,H')C" and N"(n,H")C"”
were also possibilities. In fact, he felt
the reactions with emission of H' and
H' were the more likely because they
resulted in nuclei of known stability.

The asuthor is professor of chemistry at the
School of Science and Engincering, Univensity of
California. San Diego. This article is adapted
froe & paper which he prosented at a meeting of
the American Chemical Society in Los Angeles In
April 1963, when he teceived the Soclety’s 1963
Award for Nuclear Applications in Chemistry.
This paper is also being printed in the May
issue of the Jowrmal of Chemical Education.

SCIENCE, VOL. 140
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After discoveryof radioactivecarbonl14, Rubenand Kamenfound that it had a half-life of about 5,700
yearsand that someof the nitrogenin the atmospherewasturned into carbon14 when hit with cosmic
rays Thus, an equilibrium was reached, the newly formed carbonl14 replacingthe carbonl4 that
decayedsothat there wasalwaysa smallamountin the atmosphere

Ruben S, KamaviD (1940)Radioactivecarbonof long-halflife. Phys Rev 57: 549
Rubenand Kamenhad to abandon attempts to experiment withCin 1942,

Willard Libby, at the University of Chicago,experimented with carbonl14 further.
Througha seriesof tests, he calculatedthe | { 2 Natlie to be 5,568 years Hefigured
that plants would absorbsome of this trace carbonl14 while they absorbedordinary
carbonin photosynthesisOncethe plant died, it couldn't absorbany more carbonof
any kind, and the carbon14 it containedwould decayat its usualrate without being
replaced Byfinding the concentrationof carbon14 left in the remainsof a plant, you
could calculatethe amount of time sincethe plant had died. He continuedto refine
the conceptfor the nextdecade,calculatingthe ageof an ancientEgyptianbargeusing
wood samples Thescienceof archaeologyvasrevolutionizedand, for his efforts, Libby
receivedthe NobelPrizein Chemistryfor 1960

Arnold, J.R., Libby, W.F: Age determinations by radiocarbon content: checks with samples of known ages. Science 110 (/8450



Inventor of radiocarbon dating

N

Willard Frank Libby
(1908-1980)

Work within theManhattan Project (1942 to 194%
directed by GenlLeslie Groves, to create the atomic bomb.

ARadi ocar bon rGeestonpacttupon thechuman sciences

Arnold, J.R., Libby, W.F: Age determinations by radiocarbon
content: checks with samples of known ages. Science 110

(1949) 678-680
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Distributionof 14C
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Applicationsof 14C

A Dating(determination of age) oérganic samplegwood, grains,
leaves/plants, seed, charcoal, leather, textile, linen, bones, teeth, ivory,
FYGESNI YR K2ZNY=Z LISFGZ azAtz 2NHFYAC

A Datingof secondary carbonates (inorganic lake sedimspégleothemes
tufa, corals, mollusks, algal rims, dissolved inorganic carbon in water)

A Carbon cycle in nature (including atmospheric)CO

A Environmental monitoring (nuclear facilities)

A Oceanology, climatology

A Forensicscience

A Medical biochemical, pharmacological applications

A Determination of biofuel fraction

AX YR YlIyeé 20KSN:A

17



Sample Preparation

wExtract all carbon from a sample
(fractionation)

wAll carbon only from the sample
(contamination)

oEach sample is an individaal

and should be treated so,
one should collect all possible information abgut
the sample and its environment

18



L Materials that have been

| Bone collagen radiocarbon dated

WOKIF ND2Ff 3 622R:
peat, pollen, resins

wo0 2y Sa

WKFANE fSI 0KSNE
fabrics, papers

wf 1S YdzRZI &a2Af .
corals, speleothem

Virtually all samples containing

Carbonized _ o
wood carbon from atmospheric origin

Lake mud - carbonate

| Shell _ : _ Ea
Speleothem Linen T Liber Linteus Zagrabiensis



Unfortunately, not everything is easy to date.
This woolly mammoth leg bone found on
Gabriola does not contain enough collagen for
14C analysis. (limg efficiency of collagen
extraction 1 %)

Bone is mostiyydroxyapatite, a form of
calcium phosphate: GdPQ)s(OH)

The bone probably dates back to the Port
Moody Interstadeca. 18,000 BP, but that's a
guess.

OEach sample is an individéal

and should be treated so,
one should collect all possible informatign
aboutthe sample and its environment

20



Measurement radiometric

W
W
W

low relative abundance ot‘Catoma (<10%°%) 14C A 1N + e+ A

(156 keV)

low electron energy(<156keV\)
low activity of *4C in natural materials, < 13 decays/min/g of carbon

Radiometric¢ number of decays per time (i.e., decay rate}4f
per mass of carbon

required mass of C:-15 g

Required mass of samples: 480 g

Gas proportional counter&PQ¢
Liquid scintillation counter$. §¢

All sample pretreatment and preparation techniques, as
well as measurement techniques of large efficiency

21




Measurement AMS

Accelerator Mass Spectrometry (AM&nhumber of!4C atoms is
counted, together with the number dfC and*C

Required mass: <2 mg C, <1 g sample

AMS dating is relatively more expensive, requires only about a
gram of a sample, short measurement, high throughput

All sample pretreatment and preparation techniques, a

well as measurement techniques of large efficiency

S

22



Comparison of characteristics (precision, complexity, and price) of various
techniques of thet*C method.

Required
of
carbon

Measurement Sample

Complexity Precisior Price
*

* *

: Main drawback
technique types

_ representativenes: 5
AMS all 1 mg 3 4 4 ihe sample qto_’ 2
L SChenzenclEl ~4 g 4 3 3 time-consuming 8 3
N high uncertainty
LSGI:Q al 069 2 2 2 low sensitivity
: liqguid 10 ml of :
LS&irect fuels liquid 1 1 1 quenching

* The higher the number, the more complex the method
/ the lower the uncertainty / the higher the price



Inorganic sample I Organic sample I

1

Dissolution

Pretreatment

Combustion

]

AMS

Carbonization |

Carbidization

LSEA
! v

Absorption

Catalytic
reaction (Fe)

, =

Hydrolysis

I C (graphite) ﬁ
| Carbamate

AVIS l
EeecuTement LSC-A
easUrenent D

Catalytic

trimerization 1

Flowchart of chemical preparation techniques
for AMS, LSC-A, LSC-B methods

LSC-5
IESSUTEMENT
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Highvoltage stage ~ Magnetll Age calculation:

Micrograms of Maqgnet |
Acid-alkali-acid carbon to CIS ] Stripper Age =—8,033 In F1C
Combustion C’Dz = - EEE Iljl'm. EEEE FC Radiocarbon
1 e
I " Fe _ﬁ/ Analysis
Eﬂi?ﬁgn —G raphitization \ ue Be
CO,+2H,»C+2H,0 ESA currents
lon source
j Detector Lg"
N ——— Craphite ESA Q
Acid hydrolysis Negative lons e L4
BN removed counted .
Data acquisition Energy (channel)

Hajdad. et al,Radiocarbordating, NatureReviewsMethodsPrimers

article1D (2021)1:62
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Radiocarbon dating basic assumptions

1. Constant production of“Cduring last 60 000 years
A calibration

2. Uniform distribution of *“Cin the biosphere
(stationary, wellmixed reservoirs)
A d3Cnormalization

3. Carbonoriginatesonly from the sample
A avoidingcontamination..

4. Origin of carbon in a sample knowd a Of 2SR aeaidSYé¢u
A reservoir effect

26



Constantproduction? - Calibration

The measurementof 4C decayprovidesthe raw radiocarbonage of any carbon
basedmaterial under the suppositionthat the specific4C activity over millenia
has been constant (100 pMC) However, over time there have been small
fluctuationsin this activity in the atmospherecausedby variationsin cosmicray
Intensitiesdueto:

A Fluctuationsof 9 I NImEgQetic field - strong field shieldsEarth from cosmic
rays causing modulation of the production of radiocarbon in the upper
atmosphere

A Solarvariability: The sun producesa powerful solarwind that deflects cosmic
rays

A Carboncycle Fluctuationsin Earth'scarbonreservoirs,especiallycirculation of
deepoceanwaters




Variations in 4C production produce differences between
obtainedradiocarbonagesandcalendarages

T T T T T (e e e T e
®

+20 — de Vries effect 7/\ —+20
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)
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< » <
-c< 5 /
10 —
20 |-
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1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

HISTORICAL DATES (AD)

Fluctuations in radiocarbon activity over last 1000 years




A conventionalt“C years do not directly equate to calendar years because
atmospherict“C concentration varies through time due to changes in the
production rate

A acalibration is requiredo convert the conventional radiocarbon age to the
calendar age

A calibration curvesshould be based on absolutely dated record that has carbon
Incorporated directly from the atmosphere at the time of formation

Four decades of joint research by the dendrochronology and radiocarbon communities have produced
a radiocarbon calibration data set of remarkable precision and accuracy extending from the present to
approximately 12 000 calendar years before present. The extension to more than 50000 years has been
achieved by high precision paired 23°Th/?34U/?38U and *C age determinations on pristine coral samples
that created a calibration curve from 12 000 to 50 000 years before present,

29



Conventional *C age (yr BP)

50000

40000

30000

20000

10000

Radiocarbon calibration cunse

R G. Fairbanks et al | Quaternary Science Reviews 24 (2005) 1781-1796

. Tree Ring (Reimer et al., 2004)
. A Lake Suigetsu (Kitagawa and van der Plicht, 2000)
= + Bahamas Speleothem (Beck et al., 2001)

Cariaco Basin (Hughen et al., 2004)
A o PS2644 (Voelker et al., 2000)
m  Lake Lisan (Schramm et al., 2000)

v Papua New Guinea (Yokoyama et al., 2000)

ARCHIVES:
&= Tree-rings

+ Speleothems

Marine
sediments

y Lake
sediments

¢ Corals

1:1 Line
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Calendar age (yr BP)



1%C Age (ka B.P)
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Atmospheric *C/*C changes during
the last glacial period from Hulu Cave

WM Hai Cheng**, R. Lawrence Edwards®*, John Southon®, Katsumi M atsnmoto®,
Joshma M. Feinberg*, Ashish Sinha®, Weijian Zhou®, Hanying Li', Xianglei Li", 31
Yao Xu', Shitao Chen’, Ming Tan", Quan Wang', Yongjin Wang', Youfeng Ning'

Chenget al., Science 362, 1293, 20!




How to perform calibration

OxCal v4.2 2 Bronk Ramsey (2013); r:5; Atmospheric data from Reimer et al (2009);

09)
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Example 1 (1420,25)

68.2% probability
(68.2%) 614-650calAD

95.4% probability
(95.4%) 590-660calAD

Mean 628calAD

Sigma 18

ian 630calAD

:——l il 1 ] 1 1!
400

Il 1 d l ] 1
500

Calibrated date (calAD) -

Example of a single calibrated date

0088010288013 804

Standard deviations diagram

34.1% 34.1%

2.1%

°-|1% i [ 13.6%

10 68Y2 % probability
20 95Y4 % probability

30 99Y7 % probability

Conventionakadiocarbonages(ordinate) in yearsBPare representedas the Gaussiarcurve with
meanand standarddeviation (uncertainty)being1420N 25 BP Calibratedd | { dzSadeidaryears,
are obtained by transferringthe valueson ordinate over calibrationcurve to the abscissaResults
canbepresentedbyl 2 or 3 probabilitiesandby meanor medianvalues
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|sotopic fractionation

Isotopes behave differently in physical, chemical or biochemical processes.
Molecules composed of heavier isotopes are more stable (have a higher
dissociation energy) than those composed of lighter isotopes.

Energy of dissociation
lighter heavier

isotope isotope : :
P Dissociated

molecule@

Potential energy —

Minimum energy - lighter isotope
Minimum energy - heavier isotope

Interatomic distance -

Distribution of carbon isotopes (32C, 13C and '#C) in various substances and
organisms is not equal. Enrichment of one isotope relative to another in a
chemical, physical or biochemical processes is called isotopic fractionation.



|sotopic fractionation

A Isotopic fractionation is defined as the relative partitioning of the heavier
and lighter isotopes between two coexisting phases in a nagystem-
various physical and chemical processes are mass dependent and thus they
cause isotopicractionation

A Usually, the ratio of the heavier, less abundant, isotope to the lighter, most
abundant, isotope'fC/2C) is compared in various compounds

N R = 13C/12C
YOAT DIVOOAT AAOA

T #
YOOAT AA OA

the quantityd & GKS NBf I 0AJS RATTSNRigasaraple rid LINS & 2
Rin the standard
The international standard fa#3C isVPDRViennaPDBfor Pee Dee Belemnite 1 13C[|

Theavl £ dzS A& dzadzZ ffté& aviftfs IyR UKSNBEF2NB
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Isotopic fractionation occurs to botRC and“C, and the fractionation for*C is
known to be about twice that fo¥*C, thet 13C value of the sample material can be
used for fractionation correction of the measur& activities.

It has become common practice to nhormahZ€ results to the value*C =H p

ATMOSPHERE
580 GtC (18th cent.) - 750 + (today)
100 pMC (up to 200 pMC in 20th cent.)
- 6.5 %o to - 8 %o

BIOSPHERE
vegetation 600 GtC
100 pMC
(-25 + 5)%o0

SURFACE OCEAN
800 - 1000 GtC
95 pMC
(0 %+ 2)%o0
soil 1600 GtC
<100 pMC
(-25 %= 5)%o0

DEEP OCEAN
38 - 40000 GtC
<100 pMC

SEDIMENT ROCKS
66 - 100 x 10° GtC
0 pMC
(0 = 2)%o0

FOSSIL FUEL
10 - 20000 GtC
0 pMC

About-H y 3%

Schematic presentation of carbon reservoirs
that take part in carbon cycle. For each
reservoir the following values are given:
carbon inventory irGtC(Gigatonecarbon),
relative specific activita!“C inpMGC

andi3CA Yy :': &
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|sotopicfractionation

If a sample shows a lower ratio € to!“C than exists in the atmosphere, it is
reasonable to expect that the amount ¥ to°C has also been reduced,

making the sample appear older than it actually is.

It is standard practice to correct for deviations!&® tol°C from the norm.

These will be reported as a "delta 13 C" normalization (also sometimes called
correction for!¥ 0 ® MCHr&tionation is commonly taken in calculations to

be 2 times greatet KS Vv 2 ¥ is-Z52 KJ ! ¢ & 2% LOJ( )

It is sometimes important to note that measurements published in articles
beforeca.1990 either did NOT make this adjustment, or used a different
standard suchas 00® ¢ KS &S Kévauatedibeforedb8ingND
compared with more recent measurements.



The introduction of isotopic fractionation corrects the conventional age
of various sample materials according to the following table:

Age correcton
-

(SR T T
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15250 i f f

5= 50 L ——

L% | = | |
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1570 : P BT

a0 : R
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a3 s, PDB standard

Marme HCO3, CO;

Saline lacustrine CO;

PDB 5'°C standard

Bone apatite (C-4 diet)

So1l CO; (speleothems, nodules)

Freshwater shells

Bone collagen (C-4)

Atmospheric CO»>

Terrestrial snail shells

C-4 plants (maize, sorghum etc.)

ANU sucrose (1*C standard)

Bone apatite (C-3 diet)
freshwater marine plants

Grasses arid zone, sedges, papyrus

Straws, flax

Organic marine organisms

Submerged freshwater plants

Succulents (cactus, pineapple)

Oxalic acid (1*C standard)

Bone collagen, wood (C-3 diet)

C-3 plants (wheat, oats, rice, etc.)
graphite, coal

Wood, charcoal

Tree leaves, straw

Peats, humus



Contaminationof samples

Sampleto be measuredshouldnot be subjectedby any processother than natural radioactivedecay
Anythingthat affectsthe carboncontentof a sampleis consideredascontaminant

Natural Contaminants

Limestonehumicor fulvicacids, and plant roots are examples of natural contaminants because they
introduce additional“C on the sample. They are introduced into the artifacts from the surrounding

material, e.g. soil.

Artificial Contaminants

Artificial contamination happens during post excavation particularly during collection, conservation,
and packaging of the artifacts.

Thesampleaget canbe contaminatedby fraction F, of carbonof aget..
Theeffect of contaminationdependson:
A) Thedifferencein ageof the sampleandthe contaminant(t-t,)
B) "Course"of contamination(contaminantmaybe older or youngerthan the sampl¢

C) Portion(fraction)of the contaminationF..



Effects of sample contamination bgt*GF NR&on

Contamination by Aol do carbon
a “C=0% C t>50000y

ATr u 000
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2 811 AYTEdzSyOS 2y a2fRé¢ &l Y6EX Sa

Difference between sample and contaminant ages (years)
(contaminant older than sample)



Effects of sample contamination by modewarbon

Contamination by Amoderna car haon

a,%C=100% C t=0y €000 — ; ,
ATT U 5 5 :
sample Apparent agetmeas(y) o : : Fc :
age after contamination RS ity (oIS T oA ' (e L o i <
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20000 1910 16500 10600 5000 — 5 ;0 ¢:
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b 3000 s ..--..-""-.E .................. }} .- -0 “a k1
(- " '
Qo ' /:
o~ : :
B 2000 e e e mmm mrom = ey A TR e m O ‘
Portion (fraction) of the contamination F, : :
1000 < ecnnn Cr I : :*.-';’ ............... ";.,- ............... ,. .................. ]
e ) I ; .
¢ Q00d 20040 3000¢ 4000

LargeA Yy ¥ dzSofds8mpRY  Opifference between sample and contaminant ages (years)
(contaminant younger than sample)



AGE CALCULATIC

Ao
A

Maximal age to be measured is limited by half-life ( ~ 1 Q,): 50 000 to 60 000 years

Decayed "C balanced by its constant uptake
2

x>
o
o
o
!

(o]
o
|

I
o
1

[
o
1

initial specific activityof sample in the moment of death (activity wiodern standarg

14¢ percentage
o))
o

'/./- Ceasing of radiocarbon uptake
""" {death of organism)

......
.......
.......

.........

R Radioactive decay
Ap= Agert
A=In2/Ty

0\1000020000300004000050000

Age (years)

final specific activityof sample when measured (timeelapsed after the death)

T,, half-life (years)

T,, = IN2/<=_ lii2

& decay constant (years - U mean lifetime (years)



Conventional radiocarbon age

Radioactivealecay law gives:

. A
P " — SN*
A=A (@603 t=-8030
SN ON Y on
where
8030 represents the “C mean lifetime according to conventional 4C half-life
5568 y

Aon- IS the isotopically normalized net activity of the modern standard
Aqy 1S the isotopically normalized net activity of the sample

Radiocarbon age is obtained under internationally accepted conventions:
% a half-life of 5568 years (consequently, mean lifetime is 8030);

use appropriate modern radiocarbon standard;

Normalization for sample isotopic fractionation ( #C);

use of 1950 AD as 0 BP, i.e. all *C ages head back in time from 1950;
assumption that all *4C reservoirs have remained constant through time.

& & & &




Radiocarbon half-life

Conventional or Libby
half-life t he L i blbiys wdbbrainty-free.

5568 years

True or Cambridge half-life
5730 N40 years

Godwin, H, 1962. Half-life of radiocarbon. Nature
(1962), p.195:984



Modern and absolute %C standards

Modern standard depends on year of measurement (y) and has to be corrected to
decay between 1950 and year (y) of actual measurement date in order to obtain

absolute international standard activity:

.. M where 8267 is decay constant corresponding to true
AABS = A ON: @ 8267 14C half-life of 5730 years

Absolute radiocarbon standard (A,gs) is the activity of 1890 wood

corrected for radioactive decay to 1950. Thus 1950, is year 0 BP (Before
Present) by convention in radiocarbon dating and is deemed to be the ' pr esltent 0
corresponds to the hypothetical specific activity of atmospheric carbon in year 1950,
measured in 1950, under assumption that this atmosphere is free from human
perturbations and normalized to G3C=-25a . Specific activity is:

A, gs = 226 Bg/kg carbon

This specific activity, equivalent to natural equilibrium atmospheric 14C activity, is in
radiocarbon articles often expressed in units pMC (percent of modern carbon) as:

A,gs = 226 Bg/kg C is equivalent to a**C = 100 pMC



QUANTITIES AND UNITS SPECIFIC FOR *C

Thereare severalconventionsfor expressiorof radiocarbonactivities

Basiaguantity is specificactivity A1“C,i.e., activity per unit massof carbon,Bg’kgC

However more commonunit is relative specificactivity al“C,

o # —
A C is the specific activity of a referent material from AD 1950
(AD = Anno Domini) equal to 228g/kgC

The value ofa!“C for natural samples (before AD 1950, i.e., before anthropodeatiocbanceslies between 0 and 1.
Recently a new name of the quantity has been introdue&. (fraction modern carbord!“C =F4C, and their
values are <1 for old samples (before AD 195O0bommand

a“Ciit i s expressed as percent age pMdGi pencert e moderccarbdm o n
al“C =100pMC
FliC=1 Allthesevaluesare equivalent
Al“C =226Bg/kgC 45




The principal radiocarbon standard:

Oxalic Acid | (OXI), CGH,O,, was made from a crop of 1955 sugar beet. Modern radiocarbon
standard is 95 % activity of OXI corrected for GU3C. When the stocks of OXI were almost fully
consumed, a secondary standard, Oxalic Acid Il (OXIl), was made from a crop of 1977
French beet molasses with 14C activity 1.2933 times of OXI.

List of radiocarbon standards

* , . ,
- 13 4C NIST i National Institute of Standards and
Standard Materlal a (pMC) Iechnology; Gaithersburg, Maryland, USA
ANU 7 Australian National University,

OxI(NIST*SRM 4990 B) Oxalic acid -19.3 105.26  Canbera Australia
OXxII(NIST* SRM 4990 C) Oxalicacid -17.8 134.08

IAEACG6(ANU*) Sucrose -10.8 150.61
IAEAC7 Oxalic acid -14.48 49.53
IAEACS Oxalicacid -18.3 15.03

Expressions for normalized modern standard using OXI and OXII are:

o & 219+ ¢ o €. 2(25+0° ¢
A, =0.95 il A .. =0.74590 11
ON Obbm g 1000 ON A&)xn g 1000




Basic definitions

Depletion or enrichment of archaeological samples are defined in regard
to the modern standard as:

d14C — ASN - A

ON*

When isotopic fractionation normalization to d'3C=-25a is applied:

Agy - A

o 3000( A

DYCI= ON* H000( A ) U C-20 C + 2 5¢(

ON~*
Conventional age (t) which includes isotopic fractionation correction:

O Ymadn—=-8030In (1 +—

For environmental samples and post-bomb applications frequently is used relative
specific activity expressed in percent of modern carbon (pMC), and defined as:

- ap ~
aC=2sv (100(pMC) 22 +100 §pMO)
A 10 0

A AMC

Fraction of modern carbon (F4C) is defined as: F‘C=-—°%=
A,. 100




D4C, al*C, F*4C and “C age all report the ratio in the year of measurement,
which will not vary astime goeson becauseradioactivedecayin standardand
sampleoccursat the samerate (Ty,,).

Example: Comparative table of basic values used in 14C calculations

Depletion/enrichment DY“C = 1tal“C- 1000 -H N JE:
Percent modern al“C = B*C/10 + 100 80%
Fraction modern F4C =al“C/100 0.80
Conventional age -8030QIn(F“C) 1792y

For geochemical samples depletion or enrichment are defined in regard
to the absolute international standard as:

’_A‘SN_A

vigle 256 108

ABS

normalization to d'3C=-25a gives:

Cp14 C Agy-A

BSG 1 08P URC- 2((

ABS



Whatisthe resultsof the measuremen?

A conventionalradiocarbon age of the samplexpressed in years

Before Present (BP), whebeBP = 1950 AD

What is needed to have

- Background (sample with A6C, prepared the same way as ysarripes)
- Reference Standard material (Oxalic AcINISTSRM4990C
- Quenching and/or other parameters needed for correction

- Measured or assumedteC of the material dates

conventional radiocarbon age
- Libby halflife 5568yr

- Correction/normalization tod!3C =H p

- Years Before present (BBr F4C for modern samples

JJ
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Calibrated agespan

+ Calendaragerangesin yearscal BCor cal AD*, obtainedby calibrationof conventional
ageresultsusingrecommendedcalibrationcurves

+ Probabilities of finding age ranges(in %) within the ranges 68.3% (1), 95.4% (2°)

and/or 99.7%(3" ). The68.3% (1" wangeisusedmostly;

Example for conventional age
1375 N25 BP

1 Grange i 68.3 % probability:
Cal AD 645 - 666 (68.3 %)
2 Urange: - 95.4 % probability
Cal AD 605 - 629 ( 8.4 %)
Cal AD 635 - 679 (88.9 %)

* Abbreviations:

AD 1  Anno Domini (Latin: year of our Lord)

BCi1 Before Christ
Sometimes in use also:

CET Common Era

BCE 1 Before Common Era

Radiocarbon determination (BP)

1600

1500

1300 f

1200

1400}

Al B

Sample y R_Date

|

AP RFA]]
(1375,25)
68.3% probability

645 (68.3%) 666calAD
95.4% probability
605 (8.4%) 629calAD
635 (85.9%) 679calAD
751 (1.2%) 758calAD

C )

V=

550

600

650

N P -
700 750 800

Calibrated date (calAD)

OxCaW.4.4.4 BronkRamsey021
Atmospheriadatafrom Reimeret al (2020)ntCal20



Radiocarbon determination (BP)

2000

1500

Dol vd 4.4 Qronk Bamsey (G0211 63 Aty

Example of calibration curves

from Resmar af al (20201

WA

1000

500

1calBC

\

TcalAL20T 401 601 801

B80T 1001 1201 1401 1601

Calibrated date (calBCicalAD)

80T

Range from 2000 BP to now

The calibration curve is not smooth
and monotonic. The differential
production of “C makes fwiggleso
in the calibration curves, and these
wiggles can result in a single
radiocarbon age corresponding to
more than one calendar age.



(@) (b)
a R_Date(1062,15) 500} b R_Date(150,15)
68.2% probability 68.2% probability
_.1200 980 (68.2%) 1013calAD acok 1680 (9.9%) 1691calAD
S 95.4% probability B 1729 (34.5%) 1764calAD
ssook 906 (3.0%) 916calAD 1801 (9.0%) 1810calAD
: 967 (92.4%) 1020calAD ‘g 300 1925 (14.8%) 1939calAD
: i 95.4% probability
1000 5 o= (15.2%) 1696calAD
= 100
800+ A ok
7w E —d | S ) -1m :- L 4 L J wJ L 2 L ol
800 500 1600 7160 1260 15060 1600 7700 1800 7800
Calibrated date (calAD) Calibrated date (calAD)
(c) (d)
e v g S Brorn Rameey A 2L T3 T rcaiters Surve Nermer et ¥ o0 2 il wd L 4 Doged Naevaey L0 211D v ') streiaghens Gurve (Rewmer et o SU1J)
c R_Date(2450,15) d R_Date(2600,15)
68.2% probability 68.2% probability
736 (32.3%) 688calBC | S 803 (68.2%) 792calBC
663 (9.5%) 647calBC o 95.4% probability
548 (23.3%) 508calBC < 2700 808 (95.4%) 785calBC

D0 (3.1%) 491calBC

Calibrated date (calBC)
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Radiccarbon
determination (BF)
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Ca
R_Date{2600,20)
2,800—
e 2 L7 v
e
-E-E 2,600 i
2 2
5 E 2,500 "f{*_h
& E e,
o 2,400 -
-
2,300 —
I | | | |
900 800 700 600 500
Calibrated date (BCE)
Cc
R_Date(2160,20)
2400 %,
:% 2,300 o
$8 21001 g [ Ry
;E E | II | I| . '\. .-'__:.\__
= § 2,000 . I
EI. II I"H- |I '%".I_ o
1,000~ AN . e,
La— I I I I
400 300 200 100 1BCE/CE

Calibrated date (BCE/CE)



Radiocarbon, Vol 56, Nr 2, 2014, p 555-559 DOT: 1024585617455
= 2014 by the Anrzonz Board of Kezents on behalf of the University of Anrona

CONVENTIONS FOR REPORTING RADIOCARBON DETERMINATIONS

Andrew B Millard

S

2.
. Sample material, pretreatment method [measurement

08

o1 A~

. The calibration curve used (INTQA). any resevoir offset
. Calibrating software with its version, any option or model

. Calibrated data given as a range (ranges) with associated

Conventional radiocarbon age (BP) &i(corrected fotC \
fractionation (normalized ta!3C =-25':
Laboratory code

method], control measurements

used, citation

probability (probabilities), clearly identified time scabdal
BP, orcalAD/calBC, orcal BCE/CE) J




Reservolr effect

Radiocarbon dating is an extremely useful technique for determining
the ages ofjeological materialgthat have some orgamniderived

carbon in thenp, and it is highly applicable to the study of Quaternary
materials (that are younger than ®00years.

But, interpretation of radiocarbon data can be quite complex, and
several factors need to be taken into account to understand what the
results actually mean.

For samples containing carbon from reservoirs other than the-well
mixed atmosphere or terrestrial biosphere, the measured radiocarbon
ages usually require corrections before they can be placed on a
common calendar timescale.

The correction is performed after all other calculations have been
already performed (except calibration)
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Marine radiocarbon reservoir effect
A A consequence of thepatiotemporal variability of marine radiocarbon records

A TheMREis the product of global scale mechanisms in marine environments
(extended residence dfC in the marine reservoirs once water is circulated away
from the airwater interface at the ocean surface, the rate of gas transfer gf CO
across the interface)

A Correction for theVIREapplies a value for the global average of about 400
radiocarbon years

A this is quite constant in places like the eastern Atlantic Ocean

A Prior to 2004, it used to be standard practice to subtract 400 years from the
conventional radiocarbon age of marine samples. This is called R(t), tnedpisdrial

"global reservoir correction

A Since 2004, marine samples have been calibrated ussegaratedatabasefrom
that used for terrestrial samples. This databassdudesthe global reservoir
correction, which does vary slightly froypgarto-yearfrom the previous standard
of 400 radiocarbon years



Radiocarbon yearg more variations in reservoirs (local)

Research has shown that this "constant" was far from constant during the late

Pleistocene/earijHolocene transition. This is undoubtedly because the age of the

carbon in the ocean depends on deejter circulation patterns in the Pacific, and

these were different during the ice age.

A Comparisons between the radiocarbon ages of wood and shell found at the
same location in icage deposits have shown differences in excess of 1000
years. One paper records a total reservoir correction (Ritu#that for younger
samples would be 790 radiocarbon years, as 1250 years at the time of de
glaciation.

A This requires further research. Apart from improving the accuracy of the dates
for late-Pleistocene/earlyHolocene samples, it might provide interesting data on
changes in ocean circulation in the north Pacific at that time.

A Recent research also indicates differ&tREfor different species
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NEW DATA ON MARINE RADIOCARBON RESERVOIR EFFECT IN THE EASTERN
ADRIATIC BASED ON PRE-BOMB MARINE ORGANISMS FROM THE INTERTIDAL
ZONE AND SHALLOW SEA

Sanja Farvre!? » Tatjana Bakran-Petricioli® » Jadranka Baresi¢* » Nada Horvatinéic*

Callection year

FaivreS. et al.Quaternary
Geochrolonoly51 (2019) 183



Carboncyclein karstregion¢ A Thel“Creservoireffectin karstwatersrefersto the hard-
fresh-water effect water or freshrwater effect whichis a consequenceof
geochemicaformation of secondarycarbonates

A A certain amount of & R S cd&kkon is incorporated,
makingits initial radiocarbonactivity (a,) lower.

A Measuredradiocarbondates appearolder; therefore,
they shouldbe correctedby the reservoirageto obtain
the realage

A 1t shouldbe determinedlocally

A The hardwater effect can be solved - a, can be
obtainedfrom radiocarbonactivity of freshly sampled
(1) dissolved inorganic carbon (DIQ, (2) carbonate

1 precipitated on (an inert material) pad, or (3) actively

photosynthesis
sisayu/isojoyd

Coé O precipitatingtufa
o” A Itisimportant to emphasizehat it is not knownif the
. value of the freshwater effect establishedin this

manneris constantor changeshroughtime, similarlyto
the reservoireffectin oceangmarinereservoireffect, MRE
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Number of samples
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Deadcarbonproportion, DCP

A it is often usedterm in discussiorof speleothemages

A Carbonatesprecipitatingin cave environmentshave a different 14C
sighatureto the atmosphere

A DCPreflects s difference betweenthe atmospherict4C content and
the signalrecordedin carbonatesat the time of their formation

A Speleothemsare complex carbon records, however, they can be
preciselydated by the U-Thdating method

A DCPusuallyrangesbetween5 and 20 %, resultingin age correction
from 400to 1800years



Forensics

Age determination of human remains.
A Radiocarbon dating of human remains can be used to estimate the age of a person,
and can significantly assist authorities when attempting to solve unidentified homicides
as well as facilitate identification in mass disasters.
A Dependent on the stage of preservation, analysis of bone lipids, hair and skin can
provide information on the year of death
A As bone undergoes remodeling across the lifespan, the age of bone does not always
reflect person age, and cannot be used to reliably estimate the date of birth
A Radiocarbon dating of tooth enamel has been used to estimate the date ofdfieth
Individual. Tooth enamel is not remodeled or exchanged during the lifespan and this
analysis revealethat when calibrated for the enamel formation time, denédamel
provides a remarkably accurate estimate df}ls NA 2 Y Qa8 &SI NJ 2F O0ANIKC
A In one example, where radiocarbaiating (and other forensic methodology) was
applied to a cold case, the legal identification of a yobag who had died
approximately 40 years earlierwds RS NXadz GAy3 Ay (GKS NBLI
remainsand closure for the family
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Forgeries; oart-history forensice

A Potentialof the methodto detectanachronisnof materialsof cultural heritagethat can
Indicateforgeries

A Thebomb-peakcanbe succesfullyusedto distinguishorigin of the materialébeforeé of cafters
the peak

C
Emilvd.ﬂ.i Bronk Ramsey (2017} r:0.2: Posi-bomb afmospheric NH2 curve (Hua arbe
2-6438 R_F14C(1.0074,0.0027) N Bomb Peak R_F14C(1.5.0.003)
! 68.2% probablllty E 954% |.'II"|:I|.'.I|:I|.'.II|.I E_'!.'
o 18F | 1954 (68.2%) 1955¢calAD o 1963-1963 CE
z : ‘ = 18- 1970-1972 CE
c : =
= 16F o
g . =
E =
9 : S Lb—
= 14F <
C B —
8 - = =
S 121 - £ 14—
i g - g 4
B / - u T
1._._._]_.;5‘:.'-'1_"'."....I.........I.........I.........I.........I.... ;
1950 1960 1970 1980 1990 2000
Calibrated date (calAD) 1965 1870 1975

Calibrated date (CE)



Forgeries

A It can be used as additional proof of forgery detected or suggested by other analyses
A However, it cannot be used if the old canvas is reused
A Or if the material originates from between the rrld'th to mid-20th century

QK BAmsay | £ .5 Atmaspharic data from Baimer o [
Sample F R_Date(150,20)
400 68.3% probability

1676 (11.3%) 1695calAD
1725 (10.9%) 1743calAD
1751 (8.0%) 1765calAD
1799 (8.1%) 1812calAD
1839 (3.3%) 1846calAD
1852 (10.4%) 1877calAD
1916 (16.3%) 1942cg
4% probability
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Someexamplesof radiocarbondating




Old Bridge in Mostar

~—{ Tower Tara

Tower Helebija

Left bank

- M Z-3441

S 2
y"y Level of the wooden bridge

7 52

) Level of the suspended bridge . |
23440 1 \*
! " we
S (25;33353“7, Aimospheric data from Stuiver et al (1998); OxCal v3 9 Bronk Ramsey (2003), cub £4 s 12 prob uspl[chron]
Z-3320
sreom) 23319 Mostar - Old bridge
2-3321 : Z-3318 .
(50.90-51.02m) / (51.25m)

~ o~ ~ ~ T T T T

o i e~ Mediaeval sJ.lspended bridge

Neretva River
v ARET e e 7-3321 978+65 BP *

. - 4+ |
Stone bridge (span 28.60 m) by order of the T — -,
Sultan S ¢ | e y theaMiagnificent in 1557 a8 085100 BP Q
(architect Kodja Mimar Sinan) Completed AD 1566 e | D

Z-3442 588+96 BP

Z-3440 575+70 BP

l4C dating ( Obel i | & Radiocarbon29607):,
Six wood and two charcoal samples from different
periods of construction of the bridge

Dendrochronological analyses (Kunihoimet al.

2004) : 16 wood samples with visible tree rings sent to I [ NV S
the Cornell University, Ithaca (NY, USA) . Z:3320 219462 BP VW

500 CalAD 1000 CalAD 1500 CalAD 2000 CalAD
Calibrated date

Wooden bridge
Z-3318 416+63 BP

Z-3319 394+64 BP

Repair of Turkish bridge




TheFojnicaArmorial
Expected; mostlikely 17th century

A C s Bronk Ramsay (20 L £S5 ItCal13 aimasoheric cunve (Raimer et af 2
Z-5700 Fojnica armorial, thick paper R_Date(267,21)

600 68.2% probability
= R 1530 (7.7%) 1538calAD
& 1635 (60.5%) 1662calAD
5 X 95.4% probability
'§ 400 1523 (23.8%) 1559calAD
€ ; 1565 (0.5%) 1568calAD
§ 5 \F 1631 (67.1%) 1667calAD
S ; 1783 (4.0%) 1796calAD
8 200 f 3
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......... [ IR EEE PN T ETES Nl NS N A
1500 1600 1700 1800 1900 2000
Calibrated date (calAD)
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vt Brook Rameay [2013) e:5 InICa113 slmasohadc curve (Reimar ot of 2
Z-5701 Fojnica armorial, thin paper R_Date(103,21)
68.2% probability
1695 (23.0%) 1726calAD
1814 (16.9%) 1837calAD
1843 (5.6%) 1852calAD
1868 (15.5%) 1892calAD
1907 (7.3%) 1917calAD
95.4% probability
8 AN 17
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The Cathedral of SDomniusin Split, Croatia

received a massive gilded wooden door on the Feast of

St. George in 1214.

The doorsvere made by the local craftsman Master
AndrijaBuvina

530 cm high and the two wings 360 cm wide
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SplitCathedralg conventional“Cages

Co

Z- Sample desc. C a | AMS Age comm
5469 Wood, B %@g; gg;hiicmthedral, br.inv. 250 313 80 LSC
5719 | N ete 24, (U7 4 9 bvminut 1| 26| T | 22
>720 Vt\)/gtv(\ieceln’ cassBeg(;ozﬁ’l-g;Zﬁf v?e?l!:\t Ste d;;l, 243 879 21
5721 Wo o d, par?ol??ﬁg’ (ﬁ)ﬁ:_@cﬁ’hzgral, middle 271 887 21
ooy | WoodQuglna) Buviomse | sz | e |
6038 Wood, Split - Cathedral, Choir bench, #2 -27.1 100.74 0.27 pMC
6605 Wood, Split - Cathedral, Choir bench, south- 26.9 237 21

west verticale 13th century, #3
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Summary

SamplesZ-5720and Z-5721from the door ?ivethe calibratedagespanscalAD1155¢ 1210and calAD
3054]5 112 iezsz.&ectlvelylt may be concludedthat these two wooden piecesbelongto the original
oor from |

SamplesZ-5719 and Z-6037 are s_omewhata/oun er(cal AD 1245 ¢ 1272 and cal AD 1225 ¢ 1266
respectivelyjndicatingthat thesepiecescouldnot havebeenbuilt into the doorin AD1214

Split - Cathedral AD 1214

CeCal vl 3.2 Bronk Ramsey 201T) 06 IntCall 3 atmospheric cunve (Reimer of al 20113)

75720 R_Date(879,30) e e

Z-5721 R_Date(88+3 e s B

Z-5719 R Date(775,30) - R |
Z-6037 R_Date(784,30) , B
Z-6605k R| Date(737/30) - T

800 950 1000 1050 1100 1150 1200 1250 1300
Calibrated date (calAD)
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_ CROATIARADIOCARBON DATING
gl OF BURIAL AND CHARCOAL
' SAMPLESROM CHURCH OF ST.

SRS B

TheByzantine empero€onstantineVIl Porphyrogennetos in 949 AD his bookDeadministrandoimperio
explicitly mentioned the church of St. StepherPustijerna

Howeverthe construction period of St. Stephen's must be earlier accordiraydbaeological excavations, i.e.
archaeological finds and architectural remains which indicate to late 8th / beginning of the 9th century as
initial period of this church.

St. Stephen iRRustijerna- one of the 24 oldest churches in the historical coré®bk "



Bones

/ The earliest 806882 cal AD, and the Ilatest to 12601286 cal AD\
Theseresultsindicatethe existenceof pre-Romanesqu&hurchbefore 806 AD,because
there must  be earlier  Dbuilt church  beside the cemetery
The graveyardcontinuouslyexisted for severalcenturies analysesprove period 806-
1286 cal AD but burialsbelongingto early modernperiod (Renaissancddaroque)were

\ alsofound. /

Dubrovnik - St. Stephen in Pustijerna

al w&.1.7 Bronk Ram: 20101; S data from Raimar ot al (2009¢
Z-4791 (966,141 0 =D

Z-4786 (605,90) =

Z-4792 (735,30) -+
Z-4790 (910,30) (& D]
Z-4789 (825,30) +
Z-4788 (1080,30) 04

Z-4787 (1190,30) ES)

800 1000 1500
Calibrated date (calAD)



Charcoal

/" The charcoal sample8q3-1219 cal Aland 12961407 cal APbut the context of N

these layers is still not completely clear

Theycan be related to burning during transition of pre-Romanesquéo Romanesque

period andto Gothicperiod of the church

)

Dubrovnik - St. Stephen in Pustijerna

[pxCal v4.1.7 Bronk Ramsey

2010); r5 Almosphenric data from Raimar ot al (2009

Z-4791 (966,14

Z-4786 (605,90)

Z-4792 (735,30)

& 3

-+

—

Z-4790 (910,30)
Z-4789 (825,30)
Z-4788 (1080,30)
Z-4787 (1190,30)

1 1 1 1 1 1 1 1

| _—

30

04
e

1 1 1 1 1 1

1 1 1 1

1

1 1

The median of 4786,1351
cal ADcorresponds to the
restoration of the church after
the earthquake in.348 AD
documented in the archives
of the Republic of Dubrovnik.
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Old Olivetree,
Brijuni Islands

Olive trees do not form
clear circular annual rings,
and the mostentral

wood is frequently rotted.
Thus the direct dating of
the tree based on ring
counting in cores or
radiocarbon dating othe
pith cannot be carried

Oout.

76



