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Bone remains can contain information of date of death, disease, nutrition habits and diet, location/movement, ge-
nealogy etc. of an individual and therefore bones represent a very interesting material for archaeological studies.
Bones are composed of soft organic (collagen) and a mineral (bioapatite) tissue. Both tissues can be used for radio-
carbon dating when certain conditions are satisfied. At the Zagreb Radiocarbon Laboratory, there are two techniques
for radiocarbon dating: by liquid scintillation counting (LSC) and by accelerator mass spectrometry (AMS). The AMS
technique enables dating of collagen from quite small bone fragments and also dating of bone apatite from cremated
bones. Here we present our results of bone radiocarbon dating within the international radiocarbon intercomparison
exercises and two case studies of *C-AMS bone dating from two archaeological sites in Croatia: the Sokol fortress from
Konavle and the St. Stephen church in Pustijerna, Dubrovnik.
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Introduction

Bone can contain information about histology, paleobi-
ology and paleoecology of fossil vertebrates, diet, date,
contemporaneous climate, body temperature, prove-
nance, mobility, conditions after the death (diagenesis),
etc., obtained by analyzing its morphology, diagenesis
rate, rare earth elements composition, stable and radio-
active isotopes (Tutken and Vennemann 2011).

14C radioactive decay used for dating (Arnold and Libby
1949; Libby et al. 1949; Libby 1955) revolutionized ar-
chaeology and paleontology. In archaeology, wood and
bone remains are materials mostly used for dating. How-
ever, unlike wood, bones are much more prone to con-
tamination with exogenous carbon. This feature has to
be overcome by a series of cleaning and extraction steps.
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In the Laboratory for low-level radioactivities of the
Ruder Boskovi¢ Institute (also known as the Zagreb Ra-
diocarbon Laboratory) bone dating has been conducted
since the early 1970s (Srdoc€ et al. 1973; Horvatinci¢ et al.
1983) by the gas proportional counting technique (GPC).
Liquid scintillation counting (LSC) technique was im-
plemented in 2004, with two sample preparation tech-
niques: CO, absorption or benzene synthesis (Horvatincic
et al. 2004; Krajcar Broni¢ et al. 2009). Sample prepara-
tion for accelerator mass spectrometry (AMS) was estab-
lished in 2007 (Krajcar Broni¢ et al. 2010; Sironi¢ et al.
2013). It enabled dating of milligram size samples, thus
fairly broadening the application of the *C method. By
this point, only the collagen extracted from bones was
applied in **C dating, while by introducing the AMS tech-
nique, apatite from cremated bones became eligible for
dating.

Here we present the bone dating procedure at the Za-
greb Radiocarbon Laboratory, focusing on the AMS tech-
nique. We also present two case studies of bone dating
from two archaeological sites, St Stephen in Pustijerna,
Dubrovnik and Sokol fortress in Konavle.

14C bone dating principle and problems associated

1C is produced from the interaction of nitrogen with
cosmic rays in the upper atmosphere, forms CO, mol-
ecule and enters the biosphere through photosynthesis,
primary and secondary consumers. In this way, the **C
activity of the terrestrial biosphere generally reflects
the *C activity of the atmosphere, while aquatic bio-
spheres (marine and freshwater) reflect their own ini-
tial carbon source, which will be discussed later within
reservoir effect. After the death of an organism, *C is
no longer replenished, and its activity decreases in ac-
cordance with the *C radioactive decay. By measuring
the remaining *C activity in the organism’s remains, the
time passed from death to the moment of measurement
can be calculated. The **C half-life of 5730 years makes
the method suitable for dating of up to 60,000 years old
materials. Since the concentration of **C in atmospheric
CO, is very low, only 10 %, special techniques needed
to be developed in order to isolate carbon from the ana-
lysed material and prepare it in a form of matrix suitable
for physical measurement (gas CH,, benzene, graphite,
Srdoc€ et al. 1971; Horvatinci¢ et al. 2004; Sironi¢ et al.
2013). Therefore the radiocarbon method is destructive
for the material.

In nature, stable 2C (98.9 %) and *3C (1.1 %) carbon iso-
topes also exist. The ratio of *C/*2C varies for different

materials. During chemical or physical reactions of the
transformation of one material (compound) to an other,
isotope fractionation occurs, meaning that the *C and
12C composition in the product is different than that in
the source material. Composition of *C is expressed as
a 61C value, which is the relative deviation of a 3C/*2C
ratio in a material compared to that in a standard (PDB,
Pee Dee Belemnite; Mook 2000). Values of 6C can be
used for controlling the purity of the samples, or for
gaining information of the samples’ origin.

Bone consists of mineral (apatite) and organic compo-
nents (collagen). Collagen (~23 wt%, Wopenka and Pas-
teris 2005; Glimcher 2006) is built of long protein fibers,
with a molecular weight ~300,000 (i.e. 300 kDa), mostly
composed of amino-acids as glycine (Gly), proline (Pro)
and hydroxyproline (Hyp), Hyp being typical for collagen.
Collagen fibers are inter grown by nm-size bioapatite
crystals of a general chemical formula Ca, (PO,),OH,,
constructing the hard tissue. The phosphate in apatite
is substituted by carbonate ions 0.5 — 1 wt%. Both com-
ponents contain carbon from the atmosphere making
them both potentially suitable for *C dating. The same
structure can be found in antler, bony part of horn and
tooth dentine or ivory. Enamel part of a tooth is similar,
with the exception that organic content is up to 1 wt%
and the bioapatite crystals are the order of magnitude
larger and with negligible porosity which makes enamel
bioapatite not prone to diagenetic alteration.

Radiocarbon dating of collagen

The first attempts to date bones considered using the
carbon from apatite (e.g. Haynes 1968) or collagen
(Berger et al. 1964). However, due to bone diagenesis
(adsorption of ions, diffusion, ion exchange in the apa-
tite lattice or precipitation of secondary minerals in pore
spaces) carbon from apatite can also contain exogenous
carbon. The very high porosity of the bone apatite makes
the environmental carbonate difficult to be selectively
removed, so the extraction of collagen was developed by
gelatinization of collagen (Longin 1971). After mechani-
cal cleaning, bone is decalcified by treatment in acid fol-
lowed by gelatinization step. Bone remains can be treat-
ed with the base before gelatinization to remove humic
substances (e.g. DeNiro and Epstein 1981). Further on,
ultrafiltration can be applied after the gelatinization step.
In general, laboratories use ultrafilters that concentrate
molecules larger than 30 kDa, which are likely to be long
protein chains of collagen so that the smaller organic
molecules that could be part of contaminants from the
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soil are removed (e.g. Brown et al. 1988; Bronk Ramsey
et al. 2004; Higham et al. 2006). However, it is important
that the ultrafilters go through a pre-cleaning step since
they can be a source of contamination (Hdils et al. 2007).
Amino-acid extraction could be used to further eliminate
contaminants (Yuan et al. 2000). During bone diagenesis
a substantial part of collagen could be lost, making it not
suitable for dating, so pre-screening techniques, such as
percent of nitrogen (%N) in whole bone powder, should
be considered (Brock et al. 2010a) for the bones with
<1% of collagen yield. In general, bones with C/N ratio
between 2.9 — 3.5 (van Klinken 1999) and with collagen
yield higher than 1 wt% can be pre-cleaned using the
Longin method with base step pre-cleaning. For poorly
preserved bones, with low collagen yield or elevated C/N
ratio, the extraction of the Hyp amino acid can be used.
Marom et al. (2013) showed that, in poorly preserved
bones, collagen could be contaminated with exogenous
organic molecules chemically bonded to amino acids, in
which case selectively extracted Hyp molecules could be
used for dating.

For collagen, 6'3C values vary regarding the diet of an
animal/human. Collagen 6%C value increases with the
degree of a trophy (Schoeninger et al. 1983) meaning
that herbivore bones collagen has lower 6'C values
than omnivore or carnivore collagen. §C value is also
different for plants: C, photosynthetic cycle plants (most
plants) have 8C value around -27 %o, while C, photo-
synthetic cycle plants (e.g. maize, sugar beet, millet)
have it around -12 %o (Waller and Mewis 1979; Hoefs
1997). This also has an influence on the net 63C value
of collagen. For example, herbivore feeding on C, plants
would have §3C value around -26 %o (compensation due
to the higher trophy level from plants to animal), while
those feeding on C, around -11 %e.. If the diet is mixed
6C value would lie in-between (Fischer et al. 2007;
Lamb et al. 2012; Salazar-Garcia et al. 2014).

Marine diet can have a strong impact on **C dating, due
to the marine reservoir effect. Surface marine waters
contain carbon depleted of **C resulting in higher appar-
ent age of marine biota (~400 years, Hughen et al. 2004).
Marine biota also has higher 63C values comparing to
terrestrial animals. Terrestrial animals (including hu-
mans) consuming marine biota can have §3C of collagen
as high as -16 %o (Johansen et al. 1986; Ascough et al.
2007, 2012). In order to compensate for the marine res-
ervoir effect when radiocarbon dating, paleo/archaeodi-
et can be determined by combining §*C with 6**N and
63S values, and radiocarbon date can be corrected ac-
cordingly (Lightfoot et al. 2014; Sayle et al. 2014; Dury
et al. 2018).

Radiocarbon dating - bioapatite

When there is enough collagen to perform dating, bio-
apatite is usually not considered. Structural carbonate
in bioapatite originates from blood bicarbonate and is
in close relationship with the food intake of the human/
animal. Skeletal remains from humid climate regions,
such as Europe or America, show a large difference be-
tween *C dates of bioapatite and collagen, due to bone
diagenesis. However, calcined bones (should not be con-
fused here with cremated calcinated bone, which are
discussed later) from arid regions like Africa or Arabia
can be reliably *C dated from a bioapatite carbonate
(Zazzo and Saliege 2011).

Bioapatite can also be used for dating in case of cremat-
ed bones, i.e., bone remains that underwent burning on
temperatures higher than 600 °C. The high temperature
transforms highly porous crystal lattice of bioapatite to
much denser lattice with higher crystallinity, making it
resistible to diagenesis and suitable for radiocarbon
dating (Lanting et al. 2001; van Strydonck et al. 2005;
Naysmith et al. 2007; Hdls et al. 2010). It was believed
that the structural carbonate survives such high temper-
atures, while all collagen carbon is lost. However, later
studies showed that cremated bones exhibit the “old
wood” effect (Olsen et al. 2013) and that the major part
of structural carbonate in the cremated bones (can be up
to 86 %) comes from fuel used for burning of the bones
(Hdls et al. 2010). Nevertheless, in most cases, it could
be expected that the difference between the **C activity
of the wooden fuel and the cremated bones is probably
minimal and dating should always be considered within
the broader context of the findings.

Cremated bones are suitable for dating if the crystal
lattice underwent a complete transformation to high
crystallinity lattice, i.e., that the cremation temperature
was high enough. If the lattice is not thick enough, ex-
ogenous carbon from the environment can enter crystal
lattice resulting in higher carbon content (comparing to
phosphorus), lower §C values and eventually younger
radiocarbon dates (van Strydonck et al. 2009). A sample
should be checked for its color (pure white are better
than yellowish or charred), crystallinity (checked with in-
fra-red spectra), carbon to phosphorus ratio (C/P should
be lower than ~0.12), and 63C value (lower than -19 %o)
(Olsen et al. 2008). Generally, carbon percentage should
be lower than ~0.25 wt%, however, Major et al. (2019)
showed that carbon percentage up to 0.56 wt% also
gives a satisfactory radiocarbon age.
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Marine diet, i.e., marine reservoir effect should not have
a significant influence on the dating of cremated bones,
if the most structural carbon comes from burning fuel
(Hals et al. 2010), however, further studies need to be
undertaken in this direction (Olsen et al. 2008).

Bone dating at the Zagreb
Radiocarbon Laboratory

During 50 years of existence of the Zagreb Radiocarbon
Laboratory about 7000 samples have been processed
by GPC, LSC and AMS techniques. About 3.5 % are bone
samples, and 40 % of bones have been analyzed by AMS
alone, introduced to the Laboratory about a decade ago.
AMS enabled analyses of much smaller bone fragments
and teeth and also of the cremated bones (about 10 %
of bones). Currently, at the Laboratory two radiocarbon
techniques are available, the LSC and AMS. For the LSC
technique, carbon from bone is extracted by the Longin
method (Longin 1971), and carbon is converted to ben-
zene through a series of chemical reactions (collagen -
CO, - Li,C,—CH, - CH,, benzene, Horvatinci¢ et al. 2004;
Krajcar Broni¢ et al. 2009). The activity of *C is measured
in benzene by radioactive decay in a liquid scintillation
counter. For LSC 2-4 g of carbon is required (80 - 400 g
of bones). The AMS technique of graphite synthesis re-
quires 1.5 mg of carbon (1-5 g of bones).

Experimental procedures
for AMS and data reporting

For collagen extraction, bone samples (1-5 g) are me-
chanically cleaned, rinsed in ultrapure water (UPW)
in the ultrasonic bath, then in acetone, then again in
UPW. This step removes a smaller amount of grease. In
case bones have been treated with resins, for restora-
tion/preservation purposes, ‘soxhlet’ method is applied
(Bruhn et al. 2001), which implies rinsing the sample in
series of solvents with increasing polarity, from the most
hydrophobic to water (tetrahydrofuran, chloroform,
n-hexane, acetone, methanol, water). After these pre-
cleaning steps, bone is demineralized at the room tem-
perature by 1M HCI until the completely gelatinous/soft
bone texture is reached. This step removes carbonates
from bones and fulvic acids, organic molecules present
in soil derived from biota decomposition. Next, the sam-
ple is treated by 0.25M NaOH solution (the base step) in
order to remove the humic acids, also molecules derived
from the organic part of the soil, that are soluble in bas-
es. This is followed by treatment again in acidic solution
(1M HCl) to remove atmospheric CO, adsorbed in bases.

This part is known as the A-B-A procedure (acid-base-ac-
id, Goh and Molloy 1972; Gupta and Polach 1985; Brock
et al. 2010b; Sironi¢ et al. 2013; Dunbar et al. 2016).
However, if it is estimated that in the base wash would
result in considerable sample loss and that the sample is
not likely to be contaminated with humic acids, this step
can be omitted. The gelatinous rest is treated in UPW
acidified with HCl to pH 2-3 and 80 °C for 12 hours, dis-
solving the collagen. The solution is hot-filtered, through
a glass fibre filters, removing the insoluble parts (e.g.
roots, sediment, wood fragments, etc.). The filtrate is
freeze-dried resulting in sponge-like collagen. Collagen
is loaded in quartz tubes, sealed in the vacuum with CuO
and Ag-wool and put in the oven at 850 °C to oxidize col-
lagen to CO,.

Cremated bones are treated according to Lanting et al.
(2001) and Olsen et al. (2008). 1-5 g of bones is pre-
cleaned with UPW. The bone is grinded and treated
with 1.5 % of NaClO (48 hours) to remove the remaining
organics in order to free the bone surface for the next
step. The carbonates from the surface, possibly contain-
ing exogenous carbon, are dissolved by 1M acetic acid
(24 hours). After rinsing and drying, the sample is finely
crushed, placed in a vessel with phosphoric acid (85 %)
in a separate vessel portion and evacuated. The beaker
is tilted, so the acid is poured into the portion with the
crushed bone and left over night for the reaction of apa-
tite carbonate hydrolysis to CO, to take place.

A portion of CO, obtained by either collagen combustion
or apatite hydrolysis is separated for 6'*C analyses on
Isotope Ratio Mass Spectrometer (IRMS), while anoth-
er portion is turned to graphite by zinc reduction with
iron catalyst, pressed in aluminum targets for #C/*3C
analyses on accelerator mass spectrometer (AMS, Kraj-
car Bronic et al. 2010; Sironi¢ et al. 2013). The CO, gas
and the graphite from the samples are produced at the
Zagreb Radiocarbon Laboratory, while both IRMS and
AMS analyses are done at the Center for Applied Isotope
Studies (CAIS), the University of Georgia, Athens, USA,
or at the Scottish University Research Centre, (SUERC)
Glasgow, UK.

Conventional radiocarbon age of the sample is calculat-
ed from **C/®3C values normalized to -25 %o, using Libby’s
half-life (5568 years). It is expressed as years BP (“Before
Present” with “present” being the calendar year 1950)
(Mook and van der Plicht 1999). Since the activity of **C
in the atmospheric CO, is time-variable due to changes
in cosmic/solar radiation, the Earth magnetic field, cli-
mate, etc., the calculated ages have to be corrected, i.e.,
calibrated. The radiocarbon calibration curves are con-
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Consensus age Measured age

Sample name Age (known) age__(BP) z A age_, (BP) u-value
VIRI Sample E - ~30000 BP 38772 + 2532 4013 269 36834 + 473 0.75

mammoth
VIRI fg’:‘s’;'e F- <5000 BP 2525 + 69 4014 239 2510 + 25 0.20
VIR mﬂe H - ~10000 BP 9510 + 158 4015 247 9452 + 26 0.36
VIR stiranl‘;'e h- ~10000 BP 8328 + 176 4016 244 8298 + 27 0.17
SIRI Sample B - 40000 BP 38727 + 284 5284 767 38758 + 200 0.09
marine mammal Pleistocene

0.00497*
*

SIRI Sample C - 14C background, 0.00895 5315 789 0.0012 +

mammoth MIS 7 0.0005*

54025 + 35637

MIS 7 - Marine Isotope Stage (240-190 thousand years), *LOD-limit of detection expressed as fraction modern, fraction modern corrected for
the laboratory background, 2age calculated from background corrected fraction.

TABLE 1. Bone samples from VIRI and SIRI exercises, their consensus ages and ages measured at the Zagreb Radiocarbon Laboratory. Z is code for
laboratory number, Ais a code number of graphite, u is a statistical test u-score, defined in Eq1.

structed by measuring *C activity/conventional date in samples from VIRI and SIRI are published in Sironi¢ et al.
samples of known calendar dates (dendrochronologi- (2013) and Krajcar Broni¢ et al. (2015a). Here we com-
cally dated tree rings, laminated sediment layers, spe- pare the results of collagen bone dating from VIRI and
leothems dated by U-Th method, etc.). The calibration SIRI'in the Zagreb Radiocarbon Laboratory.

of conventional age results in the date range(s) of calen-
dar years expressed as cal AD or cal BC (calibrated Anno
Domini or calibrated Before Christ calendar years) with
probability density function. The curve for calibration
used in this report is IntCal13 (Reimer et al. 2013), and u= |age|ab_ age
the computer program is OxCal v.4.3.2 (Bronk Ramsey
2017).

The description of samples, their consensus values and
values measured at the Laboratory is presented in Table
1. A statistical test, u-score, defined as:

|/V(o® + 0’ Eql

cncs CI'\CS)

age_, and age_ are conventional ages calculated by the
Laboratory and consensus intercomparison age, and
o, and o are their uncertainties, respectively. If the
u-score value is lower than 2, the result is acceptable.
Known age of the SIRI sample C-mammoth was >60000
BP, making this sample material for testing the limit of
After the introduction of AMS to the Laboratory, there detection (LOD) for the collagen radiocarbon measure-

International Radiocarbon
Intercomparison exercises

had been two international radiocarbon laboratory in- ment. For that reason, the resulted value is reported not
tercomparison exercises conducted: the Fifth Interna- as age, but as fraction modern, i.e., as the activity of **C
tional Radiocarbon Intercomparison (VIRI) and the Sixth measured in the sample expressed as a fraction of activ-
International Radiocarbon Intercomparison (SIRI) exer- ity in a modern sample, modern sample activity is de-

cises (Scott et al. 2007; 2010a; 2010b; 2017). Both exer- fined as 226 Bg/kgC.

cises involved about 50 radiocarbon laboratories around
All the calculated u-scores have the value below 1, mean-

the globe. ing that the values measured at the Laboratory for col-
VIRI was a four-year project with three stages, com- lagen bone samples are acceptable. The consensus LOD
prised of grain, bone, wood, charcoal, shells and humic value for the background sample SIRI-C is actually about
acids (total of 22 samples). SIRI was focused on natural two times higher than the LOD values for the other back-
samples, of wood, bone charcoal, barley mash and hu- ground samples in SIRI (Scott et al. 2017) which means

mic acids, a total of 12 samples. The results of dating the that in general radiocarbon laboratories have difficult
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FIGURE 1. Correlation of Laboratory meas-
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55000 years. The Laboratory’s LOD value is below the
consensus value, although higher than LOD for standard
background samples, yielding age of 54000 + 3600 years.
Therefore, the lowest age for bone collagen that can be
reported by the Laboratory is about 50000 years.

The conventional ages for the bone samples measured
at the Laboratory are correlated to the consensus ages
from the VIRI and SIRI exercises in Figure 1. The correla-
tion slope is close to 1 (0.991 + 0.009) and R?= 0.99966,
showing an excellent agreement between the two sets
of data. The SIRI sample Cis not shown since it should be
below the detection limit.

at the Zagreb Radiocarbon Laboratory

Dating of bones from Sokol fortress
in Konavle near Dubrovnik

The Sokol fortress in Konavle was built on a huge rock
formation and used as a control point in the Roman
times and in the Justinian times. It was under several
patrons in medieval times and under the Dubrovnik Re-
public until the Big Earthquake in AD 1667, after which it
was abandoned in AD 1672.

In 2012 and 2013 an extensive archaeological excavation
took place at the site. Among other investigations, skel-
etal remains of 27 individuals were examined anthro-
pologically and radiocarbon dated (Krajcar Broni¢ et al.
2015b; Topic et al. In press). From the bones the collagen
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FIGURE 2. Frequency distribution of calen-
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was extracted, CO, and graphite were prepared at the
Zagreb Radiocarbon Laboratory and analyzed on IRMS
and AMS at SUERC and CAIS. The collagen dates ranged
from the 6% to 16™ century, with one collagen dated to
the 19t century (Fig. 2). Majority of samples were dat-
ed to the 6% century. The dated bone remains were of
men, women and children, showing the continuation of
settlement not only as a military character but also as a
residential area around the fortress. 6*C values of the
bones ranged from -18.7 %o to -20.8 %o, typical for the
bone human collagen omnivore of predominant C, plant
diet (Fig. 2, inner graph,). A shift from lower 6C values
(< -19.4 %o) in the Byzantine times to higher values in
later periods (>-19.4 %o) implies a change in dietary hab-
its of the Sokol fortress habitants.

Dating of bones from St Stephen
in Pustijerna church, Dubrovnik

The St. Stephen in Pustijerna church is one of the most
well-known and one of the 24 oldest churches in the his-
torical core of the city of Dubrovnik (Pekovi¢ 1998; 2010).
The historical findings place it to a period between the
6" century and the Big Earthquake in AD 1667 (Pekovié¢
1998; Regan and Nadilo 2006). During the archaeologi-
cal excavations in 2011/2012, all cultural layers inside
the church and church cemetery were included. Five
human bone samples from the graveyard were radiocar-
bon dated (Krajcar Broni¢ et al. 2012; Topi¢ et al. 2012).
Samples were processed by collagen extraction and CO,
and graphite preparation for IRMS and AMS analyses at
CAIS. In Figure 3 and Table 2 the re-calibrated (by OxCal
v.4.3.2) radiocarbon ages of the bone collagen samples
are presented. §3C values range from -20 %o to -18 %o
which could be attributed to the mixed diet, similar as
the findings for the Sokol fortress Medieval period. The
oldest bone (Z-4787) was dated to cal AD 778 — 880 (me-
dian cal AD 832), while the youngest (Z-4792) to cal AD
1262 — 1285 (median cal AD 1273) showing the continu-
ous use of the graveyard from 8" to 13" century.
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FIGURE 3. Multiplot of re-
calibrated ranges by Ox-
Cal v.4.3.2 (Bronk Ramsey
2017) from Krajcar Broni¢
et al. (2012) for the bone
collagen samples from the
graveyard of the St. Ste-
phen in Pustijerna church.
“+” mark the median. Z is
the Laboratory identifica-
tion number. Horizontal
brackets mark 1c (upper
level) and 26 (lower level),
i.e., 68.2% and 95.5 % prob-
- ability density range(s).

OxCal v4.3.2 Bronk Ramsey (2017); r:5 IntCal13 atmospheric curve (Reimer et al 2013)
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Sample name Median (cal AD)
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age (BP)

period

'8 4792 386 735+ 30 1285 1273 -19.5
—upper graveyard (68.2%)
level ’
rr::"ci”zborr‘:\'le Cal AD 1206 —
'8 4789 385 825+ 25 1256 1222 -19.8
13 — upper
(68.2%)
graveyard level
Human bone, Cal AD 1045 -
original burial, 1095 (39.6%)
trench 2, grave Cal AD 1120 -
8 —synchronous 4790 394 910+ 30 1142 (15.6%) 1106 -18.0
with construction Cal AD 1146 -
of chapel floor 1164 (13.0%)
Human bone,
trench 2, grave Cal AD 900 - 922
22 — bottom of (20.5%)
+ -
older graveyard 4788 381 1080 + 30 Cal AD 949 - 995 965 20.0
level — with (47.7%)
construction
Cal AD 778 - 793
Human bone — (11.7%)
forearm, trench Cal AD 801 - 846
2, grave 33 — the 4787 393 1190 + 30 (34.5%) 832 -20.0
oldest grave Cal AD 852 - 880
(21.9%)

Table 2. List of human bone samples excavated from St. Stephen in Pustijerna church during 2011/2012 excavations, their conventional ages,
calibrated periods with median and §*3C values for the bone collagen. Conventional age is rounded according to the Radiocarbon journal recom-
mendations; the calibrated period is within 68.2 % (15) probability of result, numbers in brackets are probabilities for discontinued periods; 16
for 5%3Cis 0.1 %o. Z is a laboratory identification number; A is the number of graphite target. Re-calibrated by OxCal v.4.3.2 (Bronk Ramsey 2017)
from Krajcar Bronic¢ et al. (2012)
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Conclusion

In the Zagreb Radiocarbon Laboratory, radiocarbon dat-
ing by the AMS technique was introduced a decade ago
enabling dating of milligram size samples, which result-
ed in an increase in the dating of collagen from archaeo-
logical bone remains. AMS also opened a possibility for
the dating of apatite from cremated bones. Interna-
tional intercomparison exercises (VIRI and SIRl) among
other types of samples contained bone samples for col-
lagen extraction which was analyzed in the Laboratory.
The date values from the Laboratory showed very good
matching with the consensus values.

Two case studies of the archaeological dating of the
bone collagen from the Sokol fortress in Konavle and the
graveyard of the St. Stephen in Pustijerna church, Du-
brovnik, were conducted. The measured dates proved
the existence of the settlement/graveyard in the con-
tinuation, for the Sokol fortress, from 6% to 16™ century
and for the St. Stephen church graveyard from 9% until
the 13* century.
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