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A B S T R A C T

The Centre of Applied Physics, Dating, and Diagnostics (CEDAD) at the University of Salento collaborates with 
the Committee on Missing Persons in Cyprus (CMP) to analyze skeletal remains of individuals who went missing 
during the 1963–64 inter-communal conflict and the 1974 events. Supported by the United Nations, the CMP 
aims to locate, identify, and return the remains to families, a process complicated by poor preservation of skeletal 
remains, complex burial contexts, and limited contextual information. Radiocarbon dating is a key part of the 
CMP’s analysis procedures, helping establish whether remains fall within the CMP mandate and providing details 
such as the individual’s year of birth. This paper reviews the application of radiocarbon dating of bone samples, 
addressing challenges like dietary offsets and carbon turnover models while demonstrating its significance in 
refining identification processes. Case studies highlight its utility in both relevant and unrelated contexts to the 
CMP’s mission, emphasizing its broader contributions to historical and forensic investigations.

1. Introduction

Radiocarbon dating has proven to be a valuable tool in forensic 
science across a variety of applications, including the analysis of skeletal 
remains [5,10,11,19], drugs of abuse [30], food products [6,22], and 
combating the illegal trade of materials derived from endangered spe
cies [21,29]. A key feature in these applications is the utilization of the 
“bomb peak”-the increase in atmospheric radiocarbon levels caused by 
aboveground nuclear tests-which provides improved chronological res
olution for samples younger than ~ 70 years. Studies have demonstrated 
the potential of this approach, and the International Atomic Energy 
Agency (IAEA) has recently supported a Coordinated Research Program 
(CRP) to promote the integration of nuclear-based techniques, including 
Accelerator Mass Spectrometry (AMS) radiocarbon dating, into routine 
forensic practices. This initiative aims to bridge the gap between AMS 
experts and forensic practitioners [22].

In forensic anthropology, radiocarbon dating is now widely 
employed to determine the forensic relevance of human remains, esti
mate ages of birth and death, and provide critical information for 
facilitating the identification process of missing persons. In this field 

bomb peak radiocarbon dating has significant advantages such as the 
scarce sensitivity to environmental factors (humidity, conservation 
history of the samples, light and temperature exposure) and the possi
bility to analyze fragmentary samples. In addition, when limitations rise, 
such as poor preservation of the bones and the degradation of DNA or 
the unavailability of family reference samples that would allow the 
identification of skeletal remains, radiocarbon dating can be a valuable 
pre-screening technique for assessing the inclusion or exclusion of cases 
as relevant to missing persons of a specific chronological period. This 
paper focuses on the analysis of bone samples recovered from the island 
of Cyprus by the CMP. The CMP’s mission is to identify over two 
thousand individuals (492 Turkish and 1,510 Greek Cypriots) who went 
missing during the violent conflicts of the 1960 s and 1970 s [7].

This study builds upon our previous work [20], expanding the 
number of analysed samples and cases and applying a more refined 
model for carbon turnover and 14C data interpretation. Furthermore, the 
impact of a mixed terrestrial/marine calibration curve is discussed and 
validated through the discussion of case studies.

Our findings demonstrate the effectiveness of radiocarbon dating in 
assessing the relevance of skeletal remains to the CMP’s objectives. 
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Through the presentation of specific cases, we highlight the importance 
of careful interpretation of radiocarbon results, particularly when 
addressing complex issues such as carbon turnover in different types of 
tissues. These examples underscore both the potential and the chal
lenges of applying radiocarbon dating in forensic investigations. We also 
wish to emphasize that the aim of this study is to screen the analysed 
samples to assess their potential compatibility with individuals who died 
during the conflicts or, conversely, to exclude such a link. Evaluating the 
validity of the carbon turnover model used, or the level of achievable 
chronological resolution, is clearly beyond the scope of this paper.

1.1. The CMP program in Cyprus

Cyprus experienced two waves of violence beginning in the 1960 s, 
which had devastating consequences for its population. The first wave 
occurred between 1963 and 1964, involving clashes between the Greek 
Cypriot and Turkish Cypriot communities, resulting in the disappear
ance of approximately 270 individuals. The second wave erupted in the 
summer of 1974, leading to the disappearance of around 1,750 people 
and the de facto division of the island [18]. These events left Cyprus in a 
state of turmoil, with both communities mourning their missing loved 
ones.

In the years following the violence, a series of negotiations between 
the Greek Cypriot and Turkish Cypriot communities culminated in the 
establishment of the CMP in 1981, under the auspices and support of the 
United Nations [17]. The CMP’s primary goal is to provide closure for 
the families of the missing by enabling them to recover the remains of 
their loved ones, arrange proper burials, and end decades of uncertainty.

The CMP’s mandate is then strictly humanitarian, focusing solely on 
the location, identification and return of remains without investigating 
the cause of death or assigning responsibility for the disappearances [8]. 
The CMP operates with a forensic team of over sixty Cypriot pro
fessionals, including investigators, archaeologists, anthropologists, and 
geneticists [7]. This team conducts excavations across the island, per
forms anthropological analyses, and interprets and verifies the genetic 
results of the recovered remains [14,18]. Through its efforts, the CMP 
continues to play a vital role in addressing the humanitarian legacy of 
Cyprus’s troubled history.

The sampling of the cases discussed in this manuscript was per
formed as a standard procedure for analysis and identification purposes, 
within the mandate of CMP, and not for research/study purposes. CMP 
operates not under an external ethical approval body, but within a strict 
humanitarian mandate defined by bi-communal and international 
agreements.

2. Methods

Samples to be analyzed were handled at the CMP Anthropological 
laboratory (CAL) and were submitted to Accelerator Mass Spectrometry 
(AMS) radiocarbon dating at CEDAD-Centre of Applied Physics Dating 
and Diagnostics, Department of Mathematics and Physics “Ennio de 
Giorgi”, University of Salento.

2.1. The identification process and samples selection at CMP

The identification process carried out by the CMP is a highly intricate 
procedure developed in alignment with the most established interna
tional standards. To date, 1,051 missing persons have been successfully 
identified and returned to their families for proper burial. While a 
comprehensive description of each step in the procedure is beyond the 
scope of this paper, the process can be summarized in six primary 
phases: investigations, field recovery, anthropological analysis, genetic 
testing, reconciliation of information, and finally, the identification and 
return of remains [31]. The CMP team often encounters complex cases 
due to challenging factors such as stratified and disturbed burial con
texts, the absence of contextual information or artifacts associated with 

the remains (e.g., personal belongings or clothing), and instances where 
skeletal remains are commingled with archaeological or cemetery ma
terial. As a result, the anthropological phase plays a crucial role in 
obtaining as much information as possible from the available remains.

Key objectives of the anthropological phase include determining 
whether the recovered bones are human or non-human, resolving 
commingling, and establishing the minimum number of individuals 
represented in the skeletal assemblage. The phase also involves the 
estimation of the biological profile of each individual, including their 
sex, age at death, and stature, and individualized characteristics, that 
may aid identification, such as evidence of antemortem trauma, pa
thologies, or unique dental characteristics.

2.2. The role of AMS radiocarbon dating

In this project, radiocarbon (14C) dating supports forensic anthro
pologists by estimating the chronological age of skeletal remains, in 
order to determine whether they could belong to individuals who died 
during the events of 1963/64 or 1974. In burials where there is no 
contextual information to support the classification of the remains as 
relevant to the chronological period of interest to the CMP, forensic 
anthropologists select bone samples for radiocarbon analysis to deter
mine the antiquity of the samples. Moreover, radiocarbon analysis may 
be employed as a follow-up analysis to genetic testing when no match is 
detected between a bone DNA profile with family reference samples and 
other reasons for the no match are excluded.

The outcomes of 14C dating depend on the measured radiocarbon 
content and the resulting age. The first scenario occurs when the 
measured 14C age is older than approximately 330 years (F14C < 0.96). 
In such cases, the ages calibrate to periods preceding the early 18th 
century, ruling out the remains as relevant to the CMP mandate.

When the radiocarbon concentration is higher than approximately 
0.96, the forensic relevance cannot be excluded a priori, and a more 
nuanced interpretation of the data is required.

2.3. Modelling (radio)carbon turnover in human bones

In the present study, all analyzed samples consisted of human bones, 
the only surviving datable material available. Numerous studies have 
demonstrated that (radio)carbon turnover in bone is significantly slower 
than in other tissues, such as hair, nails, blood, or soft tissues [26]. 
Consequently, the measured 14C concentrations in bone do not neces
sarily reflect the 14C concentration of the contemporary atmosphere. 
This phenomenon is often described in terms of “time lag”: a delay 
(which can reach up to 30–40 years, depending on the age at death) 
between the apparent 14C age and the actual birth or death age [27]. 
This is due to the slower incorporation of radiocarbon through the food 
chain into the analyzed bone tissues.

In the present study, in order to model the 14C concentration in the 
analyzed sample we used the model developed by Sveinbjörnsdóttiret al. 
(2023) and based on a previous study by [12]. This approach allows to 
model the radiocarbon concentration in the analyzed bone as a function 
of age. The basic steps in the implementation of the model can be 
summarized as: 

i. The function describing the carbon turnover rate (fi) (i.e. the 
fraction of bone which is renewed) is obtained on the base of the 
data presented by [12]. It is worth noting that fi is strongly time 
dependent and, for instance, it changes from 50 % at birth to 1.5 
% per year during adulthood in males.

ii. The concentration of 14C in the diet is then calculated. This is 
obtained by assuming a 1–2 years difference between the atmo
spheric radiocarbon concentration and the 14C concentration in 
the consumed food. The “diet curve” representing the 14C con
centration in the consumed diet is then calculated by a two years 
backward moving average from the bomb spike curve [13]. 
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Another aspect to be properly taken into account is the possible 
input from marine organisms in the diet. This is particularly 
relevant in the presented case which refers to a population of an 
island. We constructed a mixed curve based on the atmospheric 
bomb spike and the Mediterranean surface curve as based on the 
data by [25]. Fig. 1 shows the modelled 14C concentration in the 
diet as a function of the year and for different fractions of marine 
component.

iii. The radiocarbon concentration in the bone is then reconstructed 
year by year by considering a two-components model: an 
exchangeable fraction (fi) and a non-exchangeable fraction (1-fi).

We also note that the chronological resolution achievable by 14C- 
bomb pulse dating depends not only on measurement uncertainty but 
also on uncertainties related to dietary information and age at death.

This reflects on the importance of stable isotope data for dietary 
habits reconstruction and the anthropological analyses of the rests for 
age estimation.

2.4. Sample processing and experimental methods

Radiocarbon dating analyses were conducted at CEDAD (Centre of 
Applied Physics, Dating, and Diagnostics) within the Department of 
Mathematics and Physics “Ennio De Giorgi” at the University of Salento. 
To maintain the chain of custody, all samples were sealed in individual, 
labelled plastic bags. Upon receipt at CEDAD, each sealed bag was 
photographed before being opened. Starting from 2017 and 2020, 184 
bone samples were submitted for analysis. The results of the first batch 
of samples were already published in [20]. In this study we present the 
results on the subset of 48 samples sent between 2021 and 2023. At the 
initial stage, no case-specific information was provided to the 
laboratory.

The AMS analyses were performed using the AMS-14C beamline, 
powered by a 3 MV Tandetron accelerator (Model HVEE 4130 HC) [3,4]. 
Sample preparation followed standard procedures outlined in [9]. 
Initially, the samples were examined under an optical microscope to 
identify and mechanically remove potential macro-contaminants. The 
most suitable portions of the samples were then selected for subsequent 

chemical processing. Collagen extraction was carried out using the 
Longin [15] protocol. The extracted collagen was dried at 60 ◦C and 
sealed in pre-evacuated quartz tubes (vacuum < 10− 4 mbar) along with 
silver wool and copper oxide. Combustion was performed at 900 ◦C for 
four hours, and the released CO2 was recovered and cryogenically pu
rified [9]The purified carbon dioxide was reduced to solid graphite at 
600 ◦C using high-purity H2 as a reductant and Fe powder as a catalyst. 
Reaction water was removed during the reduction process via a water 
trap maintained at − 40 ◦C with a cold finger. 14C/12C isotopic ratio was 
measured with the AMS system by comparing the beam currents of the 
stable isotopes 12C and 13C, and the 14C ionization events detected in the 
Gas Ionization Chamber (GIC). IAEA C6 sucrose was used as standard. 
After correcting for isotopic fractionation, processing, and machine 
blanks, the measured 14C/12C isotopic ratios were used to calculate 
either conventional radiocarbon ages or radiocarbon concentrations, 
following the method established by Stuiver and Polach [23].

A portion of the extracted collagen was used for the determination of 
the C:N ratio and for stable isotope analysis of carbon and nitrogen. 
These analyses were conducted using an elemental analyzer (EA, Flash 
2000 HT by Thermo) coupled with an isotopic ratio mass spectrometry 
(IRMS) system Mod. Delta V Plus by Thermo [2,16].

3. Results

The radiocarbon concentrations measured for all the analyzed sam
ples are shown in Fig. 2 and data presented in Table 1, supplementary 
materials. Overall, 36 samples produced 14C concentration below 0.96 
and were then classified as “non relevant” to the CMP mandate. While 
the remaining samples showed either 14C values between 0.96 and 1 (3) 
or post-bomb 14C concentrations (9). For all the samples showing 14C 
concentration larger than 0.96 the relevance to the CMP mandate could 
not be excluded, and a detailed interpretation of the results was carried 
out or is planned. Here we report the discussion about two of the cases.

3.1. Case study 1

During the construction of a supermarket adjacent to a main road, 
human remains were accidentally discovered. Therefore the Bi- 
Communal Forensic Team (BCFT) of the CMP visited the area and 
recovered human remains in a commingled state. The remains were 
transferred to the CAL for analysis.

The anthropological examination estimated that the remains 
belonged to a minimum number of two individuals, as evidenced by the 
presence of two right clavicles and two mandibles. Six representative 
samples were then selected for DNA analysis. Preliminary DNA results 
revealed three distinct profiles among the six samples. Further 

Fig. 1. Modelled radiocarbon concentration in the diet for different fraction of 
marine input. Atmospheric Northern Hemisphere radiocarbon concentration is 
shown as reference in black [13].

Fig. 2. Measured radiocarbon concentration for all the analyzed samples. Light 
grey, dark grey and blue symbols: samples with 14C concentration lower than 
0.96 F14C, between 0.96 and 1 and higher than 1, respectively.
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investigations provided additional context, indicating that the excava
tion site was likely part of a Muslim cemetery, suggesting that the re
mains might not be relevant to the CMP Project. To evaluate the 
relevance of the remains, three bones—each corresponding to a different 
preliminary DNA profile—were sent for radiocarbon analysis. However, 
final DNA results showed that two samples, LTL20659 and LTL20660, 
actually belonged to the same individual. Details of the analysed re
mains are as follows:

LTL20658: This sample corresponds to an incomplete skeleton. The 
anthropological analysis indicated that the remains belong to an indi
vidual over 19 years of age. No evidence of antemortem or perimortem 
trauma were observed, and no associated clothing or artifacts were 
recovered with the remains.

LTL20659 and LTL20660: These samples represent an incomplete 
skeleton. The biological profile of the remains were of a male individual 
aged between 17 and 31 years. Similar to LTL20658, no signs of ante
mortem or perimortem trauma were observed, and no associated 
clothing or artifacts were found. LTL20659 and LTL20660 correspond to 
a clavicle and a mandible, respectively.

The results of analyses are given in Table 1. C/N ratios fall within 
range considered optimal (2.9–3.6), indicating the good preservation of 
the analysed collagen [28].

The measured carbon and nitrogen stable isotopic ratios can be used 
to obtain information about the dietary habits [1]. Indeed, the inter
pretation of δ13C and δ15N for modern humans is complex due to Suess 
effect and the modern diet habits, for instance including relevant inputs 
from C4 plants. Nevertheless, it can be estimated that the terrestrial δ13C 
endpoint for collagen can be set to –23 ‰, and the marine one to –12 ‰ 
[24]. In our case the measured value would then point towards a marine 
contribution to the diet < 5 % allowing to use the fully terrestrial curve 
for the calibration of the obtained radiocarbon ages.

3.2. Case study 2

The site was excavated in three distinct phases, conducted by the Bi- 
Communal Forensic Team (BCFT) of the CMP. The burial site was 
located in an open, cultivable field. According to witness information, a 
body was reportedly seen beneath a tree in this area. Scattered and 
fragmented human remains were discovered within the topsoil. During 
the excavation, additional human remains were found at a greater 
depth; the remains were partially disturbed and partially articulated. 
Alongside these remains, ceramic sherds were uncovered, suggesting 
that some of the remains could be of ancient origin. The remains were 
collected and were transferred to the CAL to confirm their chronological 
context. Following the anthropological examination of the remains, the 
forensic anthropologists selected bone samples from the superficial 
skeletal assemblage for genetic analysis, since it was considered as 
possibly relevant to missing persons; however, the bone DNA profiles 
did not match with any family reference samples. Subsequently, it was 
decided to send bone samples from both the superficial remains and 
those found at a greater depth to CEDAD for further analysis. This step 
aimed to investigate and confirm their chronological origin through 
radiocarbon dating.

4. Discussion

We discuss in the following the results obtained in the single case 
studies.

4.1. Case study 1

Fig. 3 shows the modelled 14C concentration expected for an indi
vidual born in 1944 and 1936. For sample LTL20658 the measured 14C 
concentration (1.0104 ± 0.0043) is significantly lower than the simu
lated value for an individual born in 1944 and died in 1964 when he was 
20 (Fig. 3a). Nevertheless, the model run for an individual born in 1936 
and died in 1964 when he was 28 (Fig. 3b) produce expected 14C levels 
consistent with the measured ones. We can then conclude that for this 
individual the relevance for the CMP mandate cannot be ruled out and 
the case is still open. We observe here that the uncertainty on the age at 
death results in a large uncertainty in the final outcome.

The two other samples LTL20658 and LTL20659, correspond to the 
same individual and the measured radiocarbon ages overlap at one 
standard deviation confidence level. The measured difference can be 
anyway explained as due to different carbon fixation times in different 
bones as observed also by others [27]. In this case the measured 14C 
concentrations (0.9950 ± 0.0042) (Fig. 3b) fall within the values pre
dicted by the models for an individual born in 1936 and who died in 
1964 at 28 years of age (within the range estimated by anthropological 
analysis). The interest to the CMP Project cannot be ruled out and 
further investigations are in progress.

4.2. Case study 2

Elemental data on carbon and nitrogen confirm also in this case that 
the submitted sample are of good quality. The 14C results immediately 
show that modern and ancient human remains were mixed together and 
that the sample LTL31188 can be dated to 550–648 CE with a confidence 
level of 95.4 % clearly refereeing to archaeological material. For the 
second sample (LTL31187) a post-bomb 14C level was measured. The 
case was then left open and further investigations were carried out. 
Finally, a genetic match was obtained and the remains were identified as 
a male individual born in 1947 and died in 1974, at the age of 27 years. 
Then, the expected 14C level predicted by the model was checked for its 
consistency with the measured one. It was observed that, the carbon and 
nitrogen stable isotopes indicate a non-negligible marine input in the 
diet, which can be estimated to be of the order of 35 %. It was observed 
that the model predicts the correct 14C concentration in the bone only 
when the proper marine input is considered (Fig. 4). We underline here 
that aim of the study is to assess the compatibility of the analysed bones 
with the expected time ranges. A more comprehensive analysis of the 
marine dietary input is indeed beyond the aim of the paper and it would 
indeed require a more complex analysis and advanced tools such as 
Bayesian mixing models based on large set of data.

5. Conclusions

AMS radiocarbon analyses were performed on human bones recov
ered by the CMP in order to estimate the chronological age of skeletal 
remains, and to determine whether they could belong to individuals who 

Table 1 
Results obtained on the samples refereeing to studied cases (see text for details).

Case Sample ID Bone Lab ID F14C (±1σ) or 14C age (BP) C/N Ratio δ13C(‰ VPDB) (±0.1) δ15N (‰ air) (±0.1)

Case 1 2020-C14112 Right Clavicle LTL20658 1.0104 ± 0.0043 3.2 − 21.5 10.1
2020-C14113 Right Clavicle LTL20659 0.9950 ± 0.0042 3.3 –22.1 9.6
2020-C14114 Mandible LTL20660 1.0049 ± 0.0043 3.1 − 21.9 9.7

Case 2 2022-C14182 Femur LTL31187 1.2575 ± 0.0025 3.2 − 18.4 10.1
2022-C14183 Femur LTL31188 1472 ± 35 BP 3.0 –22.3 9.6
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went missing during the events of 1963/64 or 1974.
This study demonstrates the significant potential of radiocarbon 

dating in forensic investigations while it addresses the challenges of 
interpreting results influenced by carbon turnover in different tissues. A 
carbon turnover model for bone tissues was employed to estimate the 
expected radiocarbon concentration as a function of birth and death 
years. The model also accounted for variations in dietary components, 
inferred from stable carbon and nitrogen isotopic ratios.

Two case studies were presented and discussed to illustrate the 
method’s application and challenges. Notably, one case involved the 
identification of a missing person, enabling a direct comparison between 
the modeled radiocarbon concentration in the analyzed tissue (based on 
the individual’s known birth and death dates) and the measured values.
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