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ABSTRACT 
 

This Ph.D. project has the aim of adding a contribution to the study of human evolution through the 

application of radiocarbon dating and stable isotope analyses to mollusk shells. The constant improvements 

to these techniques over the years have allowed archeologists and sclerochronologists to continuously 

obtain more precise information, allowing them to make better interpretations and reconstructions of the 

events taking place throughout the evolutionary history of ours, and other human species. Researchers use 

these techniques to obtain information about human activity through the combination of radiocarbon dates 

and environmental reconstructions obtained over large geographical and temporal ranges. The construction 

of radiocarbon chronologies and environmental estimates for a single archeological site allows for the 

interpretation of the timing of occupation and activities performed at the site and area in question. However, 

once such information is available over a large geographical scale, it is possible to interpret human 

migration patterns, their interactions, adaptations, and cultural exchange. The refinement of these methods 

is especially important for the transition from the Middle to the Upper Paleolithic when the first groups of 

Homo sapiens arrive and disperse into Europe encountering Neanderthal populations.  

Mollusk shells are often found in archeological sites, given their great preservation potential and high value 

as a multipurpose resource. They are often the only available material to use for radiocarbon dating, due to 

a lack of well-preserved bones in many archeological sites, especially for the key period of the Middle to 

Upper Paleolithic transition. However, radiocarbon dating on mollusk shells is often regarded as less 

reliable compared to bones, wood, or charcoals due to the various factors influencing their radiocarbon 

content (e.g., Isotope fractionation, marine reservoir effect etc.). For the development of more accurate 

chronologies using shells, it is fundamental to continue improving the precision of the techniques applied, 

as has been done for other materials (wood and bones). Thus, improving the chemical pretreatment on 

mollusk shells might allow researchers to obtain more reliable radiocarbon determinations allowing for the 

construction of new radiocarbon chronologies in archeological sites where so far it has not been possible. 

Furthermore, mollusk shells can provide information on the climatic and environmental variables present 

during their growth. Using shells for paleoclimatic reconstruction adds more evidence helpful for the 

interpretation of scenarios of human migration, adaptation, and behavior. Standard methods for both 

radiocarbon and stable isotope studies use the carbonate fraction of the shell. However, being biogenic 

structures, mollusk shells also consist of a minor organic fraction. The shell organic matrix has an important 

role in the formation of the calcium carbonate structure and is still not fully understood. This thesis explores 

the potential of using the shell organic matrix for radiocarbon dating and paleoenvironmental studies.  



6 

 

In this thesis, the comparison of four chemical pretreatment methods for radiocarbon dating on mollusk 

shells is presented, with the introduction of two newly proposed methods for organic matrix extraction. The 

methods are applied first to modern shells, and then to archeological specimens from a well-known Upper 

Paleolithic site in Portugal, Vale Boi. The abundance of mollusk shells throughout the stratigraphic 

sequence of this site allowed for the selection and analysis of shells from five different archeological layers 

from the most complete stratigraphic sequence found in one of the several excavated areas of the site - the 

Terrace area. Mollusk shell samples from this area of the site have already been radiocarbon dated after 

using the standard pretreatment method, thus allowing a comparison not only among methods but to 

previous results as well. Additionally, the application and results of two different methods for the 

assessment of the shell material preservation are also presented, one focusing on the carbonate fraction (X 

ï Ray Diffraction), and the other focusing on the organic matrix (Pyrolysis ï Gas Chromatography ï Mass 

Spectrometry).  

Furthermore, one of the two proposed methods for organic matrix extraction was applied to modern shell 

specimens collected in three sites in Northern Spain. The three sites: Berria beach, Montehano (lower 

estuary) and Carasa (upper estuary) represent an environmental gradient which was used to evaluate the 

effect of different environmental parameters on changes in stable isotope ratios of oxygen and hydrogen in 

the shell organic matrix. Once extracted, the organic matrix was divided into the soluble and insoluble 

fraction which were analyzed separately, revealing significant differences in the isotopic signatures among 

them. Moreover, the comparison of stable isotope signatures among the three study sites is presented, 

revealing differences indicative of environmental influences on the isotope fractionation during the 

formation of the organic matrix. A comparison to previous data from the carbonate fraction of shells and 

water collected in the three study sites is also presented, revealing significant differences in fractionation 

mechanisms between the organic matrix and carbonates. These results demonstrate the high potential of 

both the soluble and insoluble organic matrix fractions for future (paleo) environmental reconstructions.  

The present thesis constitutes a significant contribution to the research focusing on mollusk shells and their 

use for radiocarbon dating and (paleo) environmental reconstructions. The results of the work performed 

for this thesis represent a starting point for future research to build on, and further develop the approach 

and methodology proposed here. 
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CHAPTER 1 - INTRODUCTION 

 

1.1. INTRODUCTION TO RADIOCARBON DATING  

In order to discuss the application of the radiocarbon dating technique, it is important to understand the 

production, distribution and decay of radiocarbon in nature. Understanding these basic principles helps 

scientists improve the method continuously, through the establishment of new measurement techniques, 

sample pretreatment protocols and statistical and calibration models, which all serve to provide the most 

accurate age determination possible (Talamo et al. 2023). This, in turn, allows for a better understanding 

and reconstruction of the evolutionary history of ours and other human species. This chapter will briefly 

summarize the basic principles and development of radiocarbon dating, as well as the improvements made 

to different aspects of the radiocarbon dating process over the years. 

1.1.1. ORIGIN AND DISTRIBUTION OF RADIOCARBON IN THE ATMOSPHERE 

Radiocarbon (14C) is one of three naturally occurring carbon isotopes. It is present in all carbonaceous 

matter along with the two stable isotopes 12C and 13C. These isotopes are present in nature in different 

quantities reflecting their stability approximately as follows: 12C (98,89 %), 13C (1,11 %) and 14C (10-10 %). 

14C is produced in the upper atmosphere in a nuclear reaction resulting from the formation of neutrons by 

cosmic rays (Figure 1). The reaction is triggered by the bombardment of nitrogen-14 (14N) by thermal 

neutrons resulting in the formation of 14C and a proton: 

14N + n Ÿ14C + p 

Subsequently 14C reacts with hydroxyl radicals to form 14CO and then 14CO2 (Pandow et al. 1960), or less 

frequently forms 14CO2 directly, in the following oxidizing reaction: 

14C + 2OH Ÿ 14CO2 + H2 

Atmospheric 14CO2 is well mixed due to rapid atmospheric circulation and thus causes a uniform 

distribution of 14C in one hemisphere (Anderson and Libby 1951). However, there are some factors 

including variations in Earthôs geomagnetic field, the carbon cycle and solar activity which can cause 

variations in the production of 14C (Hughen et al. 2004; Stuiver 1961; Stuiver and Braziunas 1998; Stuiver 

and Quay 1980). Collisions between thermal neutrons and 14N atoms are most likely to occur at around 15 

km above the Earthôs surface where the production rate of 14C is the highest (Aitken 1990). The Earthôs 

magnetic field deflects cosmic rays at a different rate at different latitudes, thus influencing the rate of 14C 
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production. Latitudinal differences in production are mostly neutralized by atmospheric mixing, although 

leaving an offset between the two hemispheres. This offset is created by the large ocean area in the Southern 

hemisphere (flux of low 14C CO2 to the atmosphere) and due to diverging winds present at the equator 

resulting in reduced atmospheric mixing between the Northern and Southern hemispheres and is accounted 

for by having separate calibration curves for each hemisphere (Hogg et al. 2020; Reimer et al. 2020). 

Calibration will be further discussed in the following paragraphs. Finally, magnetic fields created by solar 

activity will influence the production of 14C (Stuiver 1961), which has periodical changes correlated to the 

variations in solar activity at different time scales. 

1.1.2. INCORPORATION OF 
14C INTO THE BIOSPHERE AND HYDROSPHERE 

Once it enters the carbon cycle, 14C is stored in different reservoirs for various periods of time depending 

on the rate of exchange between them. This creates the need to consider the carbon cycle when determining 

the radiocarbon age of different samples. From the atmosphere to the biosphere and the surface layer of the 

ocean, it takes only years or decades for the exchange, while for other reservoirs such as carbonates in 

limestone, deep water masses and others it can take much longer (Bronk Ramsey 2008; Olsson 2009).The 

slower the exchange, the less 14C there will be in the reservoir due to the radioactive decay and lack of 14C 

renewal.  

Atmospheric 14CO2 is incorporated into the food web during the process of photosynthesis, in the terrestrial 

biosphere by terrestrial plants, and in the aquatic biosphere by phytoplankton and algae (Figure 1). It is then 

transported along the food web to heterotrophic organisms by ingestion of plants and other animals, 

becoming a part of the organic carbon load of the biosphere. It is important to consider the fractionation of 

carbon isotopes during these chemical and physical processes, which results in the enrichment in lighter 

isotopes. The lighter isotope 12C is preferentially taken up during photosynthesis compared to the two 

heavier isotopes. The fractionation of 14C compared to 12C is twice as much as the fractionation of 13C 

compared to 12C. It also depends on the type of metabolic process, which in plants can be divided in two 

groups: C3 and C4 plants. Most terrestrial plants are C3 plants and have a higher fractionation of 13C 

compared to C4 plants (tropical plants) resulting in different ratios among isotopes in these plants, and in 

animals preferentially feeding on one of the two types of plant. In radiocarbon dating, the ratio of the two 

stable isotopes (13C /12C) is used to correct for the 14C /12C fractionation. This is done by calculating a ŭ13C 

value by comparing the 13C /12C ratio of the sample with that of a standard and using this value to correct 

for 14C by creating a fractionation factor. 

On the other hand, atmospheric 14CO2 is incorporated into the inorganic carbon load of the ocean by gas 

exchange through the air-sea interface (Figure 1). Once in the surface waters, it follows the currents in the 
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so-called global ocean conveyor belt of thermohaline circulation towards the polar regions where the water 

cools down, becomes denser and sinks. This water mass then becomes part of the deep ocean where there 

is no other input of 14C, there is only radioactive decay. At the end of this conveyor belt, the water finally 

reaches the surface once again due to upwelling. In the areas where this phenomenon occurs, the surface 

water becomes depleted in 14C compared to the atmosphere (Broecker 1991; Gordon and Harkness 1992). 

This is the reason behind the difference in 14C concentration between the atmosphere and the oceans called 

the reservoir effect (described more in detail in the following paragraphs). However, the ocean reservoir is 

very heterogeneous in terms of 14C concentrations because of local changes in air-water exchange and 

different ocean mixing rates (Gordon and Harkness 1992). 

Figure 1. Production, distribution, and decay of radiocarbon in the global carbon cycle.   
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1.1.3. RADIOCARBON DATING 

Radiocarbon dating was a revolutionary discovery for archaeology since it was first described in the late 

1940s. It allowed for attribution of calendar ages to dated samples, and a better understanding of historical 

and prehistorical events despite the lack of written records. It is currently one of the main dating techniques 

used within archaeological research to establish absolute chronologies by dating both organic (e.g., bone, 

wood, charcoal) and inorganic materials (e.g., shell carbonates, corals, stalagmites). Radiocarbon dating is 

based on the notion that the 14C activity remains constant in living organisms throughout their life and that 

only after death it starts decreasing exponentially in its radioactive decay (Figure 2). Radioactive decay is 

described with the following equations: 

(1) A = A0e-ɚt 

(2) t = - 1/ɚ * ln (A/A0) 

Where:  

ī t = the time since the sample material ceased to exchange carbon with the environment 

ī ɚ = decay constant  

ī A0 = activity at time of death 

ī A = activity remaining in the sample ñtò years after death 

Knowing the rate of decay (half-life) and the initial 14C activity of the living sample, we can calculate the 

time elapsed from the moment of death. Willard Libby won the Nobel Prize in Chemistry in 1960 for the 

development of the radiocarbon dating method. He determined a half-life of 5568 years (Libby 1955), 

however not long after a more precise value of 5730±40 years was established (Godwin 1962; Stuiver and 

Polach 1977). The half-life determined by Libby is still used to allow comparison with dates from before 

1962. The decay takes around 8 to 10 half-lives to almost remove 14C completely from the sample, rendering 

the limit of the method around 55,000 years.  

In the early years, a complex procedure of coating amorphous carbon onto a metal screen was used to 

perform 14C dating (Anderson et al. 1951). This procedure was susceptible to contamination from other 

beta-emitting nuclides during the period of atmospheric nuclear testing, and thus was later abandoned. A 

new method for 14C measurements used gas proportional counting and scintillation counting, before arriving 

to the technique used today - accelerator mass spectrometry (AMS). AMS was first introduced in 1977 and 

it reduced the amount of carbon required for analysis from 1 g to 1 mg and decreased the analysis time from 

days to 30 min for the equivalent precision (Taylor and Bar-Yosef 2014). In the past two decades, this 
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amount decreased to micrograms thanks to constant method improvements (Fewlass et al. 2017; Fewlass 

et al. 2019b). For a more detailed history of the establishment of 14C dating and a comparison of AMS dates 

with the early solid counting dates see Jull et al. (2018) and Olsson (2009).  

 

 

Figure 2. Exponential radioactive decay with the half-life shown as t1/2 
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1.1.4. AMS  

As opposed to decay counters (gas proportional counters and liquid scintillation counters) which indirectly 

measured 14C activity by detecting and measuring 14C beta decay events, the AMS uses direct carbon isotope 

ion counting, allowing to decrease drastically the amount of time and sample needed to perform the 

measurements. AMS systems typically use a two-step particle acceleration process relying on tandem 

electrostatic accelerators with negative ion sources (Taylor and Bar-Yosef 2014). Once introduced into the 

ion source, either in the form of graphite or CO2 gas, the carbon atoms of the sample are ionized with a 

negative charge by cesium ion bombardment and accelerated into a beam. The electromagnetic field of the 

low-energy mass spectrometer changes the trajectory of the ions in the beam, discriminating the heavier 

14C isotopes from the lighter 13C and 12C isotopes. The tandem accelerator has a positive charge that attracts 

the negative ions, which are then stripped of their outer electrons changing their charge from negative to 

positive and repelling them from the tandem accelerator. A second magnetic field in the high-energy mass 

spectrometer accelerates the positive ion beam, separating the 12C and 13C ions which are measured in 

faraday cups, from the 14C ions measured by a much more sensitive ion detector (Figure 3).  

 

Figure 3. Simplified scheme of the AMS system components 
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The Bologna Radiocarbon Laboratory devoted to Human Evolution (BRAVHO lab) is equipped with an 

Elemental Analyzer (EA) and the AGE III graphitization system (Figure 4) which allows all pretreated 

samples to be combusted into CO2 gas and then converted into a solid form by reducing them to graphite 

(Tassoni et al. 2023). The obtained graphite is then pressed into sample holders (targets, typically needing 

500 - 1000 ɛg C) prior to shipment to an AMS lab for measurement. Graphite is preferred to CO2 because 

it produces higher ion beam currents, allowing for a higher level of precision, and less memory effect in the 

ion source between samples.  However, despite the lower precision the direct measurement of CO2 gas is 

still used in many cases, since it requires a much smaller sample size (5 - 100 ɛg C) and the results are 

obtained in less time as the graphitization step is omitted (Ramsey and Hedges 1997). Furthermore, the 

precision for CO2 samples was increased, due to improvements to the AMS system which allowed the 

production of higher ion beam currents. This improvement was possible thanks to the introduction of a 

more compact AMS system - the MIni CArbon DAting System (MICADAS), capable of accepting both 

solid and gas samples (Ruff et al. 2007; Wacker et al. 2010). This kind of technological improvements make 

it possible to date even small amounts of material, limiting the destruction of precious archaeological 

samples. However, this increases the need for rigorous pretreatment protocols, since the small sample size 

implies a higher susceptibility to modern contamination. 

 

Figure 4. Equipment at the BRAVHO lab (a) elemental analyzer and (b) AGE III graphitization system 
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1.1.5. SAMPLE MATERIALS AND PRETREATMENT 

The only samples which can be used for 14C dating, are those containing organic or inorganic carbon. 

However, samples older than the limit of the method cannot be measured due to the complete decay of 14C. 

A wide array of terrestrial, marine, and man-made materials are suitable for 14C dating. The most commonly 

used materials include artefacts made using carbon containing materials such as bones, wood, charcoal and 

shells (tools and ornaments made out of wood, bone, shells; rope, pottery or paper). A list of materials used 

in archaeological studies is shown in Table 1. It is important to perform a careful sample material selection 

taking into account the research question, the availability and preservation of different sample materials 

and their correlation to human activity at the archaeological site. Various sample prescreening methods are 

employed to evaluate the preservation and presence of potential contaminants of different sample materials 

(visual inspection, inspection under UV light, with polarized light microscopy, scanning electron 

microscopy (Yates 1986), spectroscopy ï infrared (Fewlass et al. 2019a; Lugli et al. 2021; Malegori et al. 

2023; Sponheimer et al. 2019; Talamo et al. 2021a), X- ray diffraction or fluorescence, Raman (Quarta et 

al. 2020), pyrolysisïgas chromatographyïmass spectrometry (Cersoy et al. 2018) and percentage of carbon 

and nitrogen (Ambrose 1990; Talamo et al. 2021a; van Klinken 1999).  

Radiocarbon dating includes an especially crucial step prior to the AMS measurement - sample 

pretreatment. Physical and chemical pretreatment of different kinds of samples for 14C dating aims at the 

removal of any potential exogenous carbon which could interfere with the sample age determination. 

Standards and blanks are used during sample preparation and processing to detect introduction of 

exogenous carbon into the sample. In the case of modern contamination, blanks or background standards 

which are devoid of 14C (older than 55,000 years) are used. Modern samples of known age can be used as 

standards to detect contamination by old carbon. Processing blanks are chosen based on the material and 

pretreatment used and processed together with the sample of the same type and amount. The first step in 

the pretreatment process is a mechanical surface cleaning, which is performed for all material and sample 

types. However, different materials require distinct pretreatment methods to remove any contaminants 

added over time by natural processes or by sample handling. Chemical pretreatment methods for organic 

samples usually include a variation of a standard method using alternate washes in acid, base and again acid 

(ABA; wood ï (Cercatillo et al. 2021), bones ï (Talamo et al. 2021a; Talamo and Richards 2011), charcoal 

(Bird et al. 1999; Tassoni et al. 2023; Wood et al. 2012), ash, sediment, and plant fragments ï (Bronk 

Ramsey 2008). The first acid step (usually hydrochloric acid) serves to remove the calcium carbonates 

present in the sample, while the base step (sodium hydroxide) removes the humic acids, which can have 

different origins and isotopic signatures, and for this reason are considered contaminating. The second acid 

step serves to remove the modern carbon dioxide (CO2) which is taken up during the base step. For inorganic 
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samples, in most cases the pretreatment is performed only using acid, firstly to remove the outer surface of 

the sample which is exposed and thus potentially contaminated, and secondly to evolve the CO2 from the 

calcium carbonate. Surface acid etching was found to remove about 30 ï 80% of the initial weight of the 

sample (Douka et al. 2010; Lindauer and Kromer 2013). The methods for pretreatment are constantly being 

improved in order to achieve the most accurate age determinations. An example for such an improvement 

is the introduction of an ultrafiltration step in bone pretreatment to remove low molecular weight fractions 

which were found to be sources of contamination (Talamo et al. 2021a). Similarly, the introduction of an 

oxidation step to the ABA protocol for the pretreatment of charcoal was shown to improve the removal of 

modern contamination (Bird et al. 1999; Tassoni et al. 2023; Wood et al. 2012). Furthermore, a new protocol 

for carbonate pretreatment based on density separation using heavy liquids allows for the separation of 

calcite and aragonite, which was shown to improve radiocarbon dating of mollusk shells and corals and 

will be further discussed in Chapter 2 (Douka et al. 2010).  

Table 1. List of different materials and the respective fractions extracted for radiocarbon dating. 
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1.1.6. CALIBRATION  

In the early years of radiocarbon dating, a constant level of 14C in the atmosphere and a rapid distribution 

in both hemispheres was assumed (Libby et al. 1949) implying that the radiocarbon years correspond to 

calendar years. However, in the early applications of radiocarbon dating the 14C ages obtained did not match 

historical dates or tree-ring records because of variations in the atmospheric 14C/12C ratio through time and 

space (de Vries 1958; Stuiver and Suess 1966; Willis et al. 1960). Therefore, it was discovered that 14C 

years are not equivalent to calendar years and they must be calibrated using temporal proxies (de Vries 

1958; Stuiver and Suess 1966; Willis et al. 1960). Calibration allows us to determine the calendar age of 

dated samples by converting the radiocarbon results into years BC/AD or years BP (before present, where 

the present is the year 1950). It is important to distinguish them and thus the calibrated ages are marked as 

cal BC, cal AD, cal BP, whereas the uncalibrated results are marked with 14C yrs BP. In order to perform 

this conversion, we need a calibration curve constructed using securely dated samples, employing an 

independent dating method. This is done by using U/Th dating, laminated sediment layers or annual tree 

rings with dendrochronological measurements. There are different calibration curves currently in use for 

the pre-bomb samples: the atmospheric calibration curves (IntCal for the northern hemisphere and SHCal 

for the southern hemisphere) and the marine calibration curve (MarineCal). Atmospheric 14C concentrations 

doubled due to the nuclear tests starting in the late 1950s. Therefore, there is an additional calibration curve 

for the post-bomb period (Reimer and Reimer 2023). 

A first approach to constructing a calibration curve was with Libbyôs ñCurve of knownsò which was based 

off known-age samples of wood and represented the beginning of the calibration method (Jull et al. 2018). 

From these first attempts of calibration the calibration curve has improved substantially throughout the 

years, with method improvements and more data becoming available (Reimer 2021). The early versions of 

calibration curves were based on different records which were often inconsistent, especially with older ages 

and near the limit of the method. For example, the early versions of the calibration curve IntCal98 (Stuiver 

et al. 1998) and IntCal04 (Reimer 2004) only spanned the period until 24 and 26 ka respectively, and there 

was no unified recommendation for calibration beyond that age (Van Der Plicht et al. 2004). The older 

radiocarbon ages were calibrated using a range of different calibration curves making it difficult to compare 

the published calibrated ages (Reimer 2021). With new data becoming available through time and by 

incorporating it into the existing curve, some of the inconsistencies were resolved in the IntCal09 calibration 

curve (Reimer et al. 2009), which was further improved in the IntCal13 (Reimer et al. 2013). The latest 

updated calibration curve for the northern hemisphere is IntCal20, for which the dendro-based calibration 

curve extends back to 14.200 cal BP, with further extensions to 55,000 cal BP from other records such as 

laminated lake sediments, marine sediments, corals, and speleothems (Reimer et al. 2020). The difference 
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between the last two IntCal calibration curves in the oldest part of the curve is shown in Figure 5, compared 

to a theoretical line representing a perfect correspondence of 14C and calendar (calibrated) ages. It is 

important to mention that there is a significant difference in terms of resolution and accuracy between the 

dendro-based curve and the rest, based on materials indirectly related to the atmospheric 14C. The 

improvement of the efficiency and precision of the radiocarbon measurements due to newly developed 

MICADAS AMS machines contributed to the improvement and extension of the radiocarbon calibration 

curve. In recent years, a new method was developed linking variations in 14C to variations in Beryllium 10 

(10Be) which could improve the calibration curve by anchoring the older floating tree ring chronologies by 

absolutely dating them (Adolphi et al. 2017; Muscheler et al. 2020). 

 

 

Figure 5. Comparison of the latest two calibration curves IntCal13 in blue (Reimer et al. 2013) and IntCal20 

in red (Reimer et al. 2020), compared to a hypothetical constant atmospheric 14C concentration over time 

which would make the 14C age correspond to the calendar (calibrated age) represented by the gray line.   
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1.2. APPLICATION TO HUMAN EVOLUTION STUDIES 

Radiocarbon analysis is applied in many different disciplines to study Earthôs history in the past 55,000 

years. With the increasingly interdisciplinary approaches, the number of possible applications of 14C 

analysis is constantly growing. Some of the most frequent applications include archaeology, paleoclimatic 

research, environmental studies, cultural heritage, biomedicine, and forensic science, to name a few. 

However, the focus of this thesis will be the study of human evolution. The application of 14C dating in 

archeology and human evolution studies is used not only to determine the time elapsed since a certain past 

event but to obtain information about human activity through the combination of dates obtained over large 

geographical and temporal ranges. The construction of radiocarbon chronologies for a single archeological 

site allows for the interpretation of the timing of occupation and activities performed at the site and area in 

question (Hublin et al. 2012; Talamo et al. 2016a; Talamo et al. 2014; Talamo et al. 2012b; Tátá et al. 

2014). However, once numerous chronologies are available over a large geographical scale, it is possible 

to interpret human migration patterns, their interactions, adaptations, and cultural exchange (Hublin 2015; 

Picin et al. 2022). To reconstruct such large-scale contexts of human migration and population dynamics, 

a correct determination of the timing of human presence and activity is necessary. Therefore, when 

collecting samples for radiocarbon dating from an archeological site, it is important to have accurate 

information on the sampling location within the archaeological sequence. To achieve the best results and 

select the samples representative of the event of interest (usually human presence or activity), a close 

collaboration between archeologists and radiocarbon dating researchers is necessary. Interdisciplinary 

collaboration is crucial to achieve the best possible reconstruction of our evolutionary history. For example, 

paleoclimatic and paleoenvironmental studies are often combined with archeological research to obtain 

more information allowing for a better interpretation of past scenarios of human migrations, interactions, 

and cognitive and technological development (Álvarez-Fernández et al. 2020; Bicho and Haws 2008; 

Carrion et al. 2008; Finlayson and Carrión 2007; Leng and Lewis 2016; Linstädter et al. 2018; Mannino et 

al. 2003; Mannino et al. 2015; Milano et al. 2018a; Milano and Szymanek 2019; Schöne and Fiebig 2009; 

Talamo et al. 2023). The combination of radiocarbon dating and other analyses such as DNA, ZooMS (mass 

spectrometry for zooarchaeology) and stable isotope analysis has allowed for the determination of the 

sample species, diet, and ancestry even from fragmentary samples, thanks to interdisciplinary studies and 

the development of new techniques (Korlevic et al. 2018; Mannino et al. 2012; Talamo et al. 2016b; Talamo 

et al. 2021b). A new method for collagen detection and quantity estimation has been developed by a group 

of researchers including our team, to minimize the loss of precious archeological bones by scanning the 

samples with NIR (Near InfraRed spectroscopy) prior to collagen extraction (Malegori et al. 2023). This 

method allows researchers to scan the bones and precisely map out the collagen content determined within 
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each pixel of the image with an error of only 2% (Malegori et al. 2023). Furthermore, the application of 

Bayesian statistics and modelling has been a true revolution in radiocarbon research applied to studies of 

human evolution and population dynamics (Bayliss 2009; Bayliss and Bronk Ramsey 2004; Ramsey 2009). 

The collaboration among scientists from different fields combined with all the advances in the techniques 

used in radiocarbon dating (i.e., AMS, pretreatment methods, calibration, Bayesian modelling), have 

allowed for a higher resolution in the reconstruction of scenarios from human evolutionary history even 

near the limit of the method (Talamo et al. 2023). The importance of these improvements lies in the fact 

that the limit of the radiocarbon method coincides with one of the key periods in human evolution, the 

transition from the Middle to the Upper Paleolithic. 

1.2.1. THE MIDDLE TO UPPER PALEOLITHIC TRANSITION 

The refinement of the radiocarbon dating methods, and the decrease in measurement errors will allow for 

the revision and improvement of many previously constructed chronologies, which will be especially 

important for the transition from the Middle to the Upper Paleolithic - MUP (Talamo et al. 2023). This 

period is crucial for human evolution as it represents the arrival and dispersal of the Upper Paleolithic Homo 

sapiens into Europe, their encounter with Homo neanderthalensis (Neanderthals) and the subsequent 

disappearance of the latter. The archeological data so far indicate multiple consecutive waves of Homo 

sapiens migrations from the Levant along the Mediterranean coast and the Danube River. New cultural 

behaviors emerged in the European territories in association with these migrations including the 

development of novel lithic technologies, more efficient foraging strategies and the creation of personal 

adornments and art (Picin et al. 2022). The precise mechanisms which led to the behavioral changes 

occurring between ~44 and 39 ka BP, as well as the reasons behind the demise of Neanderthals are still 

unknown. There were several different hypotheses on how these cultural changes occurred. Some suggested 

that the behavior was species-specific, implying that the replacement of Middle Paleolithic technologies by 

Upper Paleolithic ones was directly equated with the replacement of Neanderthals by Homo sapiens (Bar-

Yosef 1998). Others implied they had a trans-specific nature, where the behavioral changes were the result 

of Neanderthal endemic innovations or of cultural exchanges with Homo sapiens (D'Errico et al. 1998; 

Hublin et al. 1996; Mellars 1999). A reliable chronological framework defined by highly accurate 

stratigraphic records and chronometric age determinations is crucial for the elucidation of debates such as 

these.  

To be able to fully understand the complex transition that took place in Europe between 50 and 35 ka cal 

BP, it is essential to accurately define the first occurrences of Homo sapiens and the latest occurrences of 

Neandertals in as many sites as possible. Obtaining this type of chronological information helps in 
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reconstructing the area and period in which the two species overlapped and interacted and their respective 

migration patterns. Additionally, in this type of archeological and chronological studies, lithic tool 

assemblages found in different archeological sites are associated with one species or the other and combined 

with direct or indirect chronological attributions to study their cultural and cognitive development and 

potential interactions that led to the exchange of knowledge. Three groups of lithic assemblages covering 

different time frames within the period from 50 to 35 ka cal BP have been assigned to the earliest Homo 

sapiens populations in Eurasia: The ñInitial Upper Paleolithicò (IUP), ñtransitional assemblagesò and 

Aurignacian assemblages (Figure 6 (Hublin 2015). Other authors include an ñEarly Upper Paleolithicò 

(EUP) group of assemblages encompassing the Aurignacian and several other regional EUP variants 

(Figure 6 (Picin et al. 2022). The current data supports a Levantine origin for the IUP where it was 

represented by the Emiran industry (Figure 6), although other dispersal routes for the IUP from Central 

Asia into Europe were also hypothesized (Picin et al. 2022). The first expansion of Homo sapiens at ~47 - 

44 ka cal BP has been related to the spread of techno-complexes assigned to the IUP, and it reached Bulgaria 

where it is represented by the Bachokirian industry, Moravia as the Bohunician industry, as well as southern 

Europe where the Uluzzian technocomplexes are encountered (Figure 6 (Hublin 2015; Picin et al. 2022). 

The Uluzzian industry, among others, is still being extensively studied as its exact stratigraphic definition 

is still uncertain. It was originally assigned to Neanderthals and later to Homo sapiens (Benazzi et al. 2011), 

it was included in the group of transitional assemblages (Hublin 2015) although other authors argue it is 

fully an Upper Paleolithic assemblage with a potential direct African origin (Moroni et al. 2018). 

Furthermore, the Uluzzian assemblage is often considered the Italian counterpart of the Châtelperronian 

industry belonging to the group of transitional assemblages (Hublin 2015; Picin et al. 2022). The transitional 

assemblages are a heterogeneous group of assemblages thought to have been produced, at least in part, by 

autochthonous Neandertal populations surviving in Europe until c. 41 ka cal BP (Hublin 2015). This group 

encompasses the Szeletian found in Hungary, Czech Republic, Slovakia, and southern Poland, the 

Lincombian-Ranisian-Jerzmanowician (LRJ) which is found in Great Britain (Lincombian), Belgium, 

Germany (Ranisian) and Poland (Jerzmanowician) and lastly the Châtelperronian in Western France, the 

Cantabrian region and Catalonia (Figure 6). The scarcity of well-placed and well-preserved human remains 

associated with these industries leaves much room for debate over who their creators were and if they were 

a result of Homo sapiens influence on Neanderthals (Picin et al. 2022). Another wave of Homo sapiens 

migrations starting in the Levant area with a technological shift from IUP to EUP (Picin et al. 2022), caused 

the expansion of the earliest phases of the Aurignacian complex (Protoaurignacian and Early Aurignacian) 

throughout Europe and completed the colonization of the continent (Hublin 2015). The EUP is represented 

in the Levant by the Ahmarian which is a long lasting and widely distributed assemblage which has been 

thus divided into Southern and Northern Early Ahmarian, and Late Ahmarian, which was preceded by the 
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Levantine Aurignacian thought to have been brought by populations migrating back from Europe (Figure 

6 (Picin et al. 2022). In Europe, the EUP is represented by the Aurignacian, which is usually found as two 

subsequent phases - Protoaurignacian and Early Aurignacian, the shift between the two was thought to have 

been caused by the Heinrich Stadial 4 (Picin et al. 2022). In Eastern Europe, technocomplexes different 

from the Western European ones are encountered in the EUP ï the Streletskian and the Spitsynian (Figure 

6), sparking debates over potential Central Asian or local climatic influences which might have caused them 

(Picin et al. 2022). 

Although the rich paleontological and archeological records allowed for the definition of these industries 

and broad migration and behavior interpretations, it is still difficult to define the exact process of the 

replacement of Neandertals by Homo sapiens in Europe. There is still a lot of uncertainty regarding the 

precise mechanism and timing for the start of the various industries and the geological age of key specimens 

due to a number of issues. A lot of the uncertainty has been created by the lack of information during 

excavation of a large portion of the available materials. These excavations were conducted starting in the 

early 1900s, and the documentation about the stratigraphy and precise location of each sample is not up to 

present-day standards and often missing or lost. This leaves doubts on the possible intrusion of 

archaeological material from one layer into another and the stratigraphical attribution of the excavated 

samples. Furthermore, the radiocarbon dates used to construct these scenarios, which were performed on 

the human remains and the archaeological layers they came from, are also often a matter of controversy 

having been obtained before the advent of modern and advanced techniques. Therefore, having new, more 

precise chronologies might shed light on the precise timing and duration of the coexistence of Neanderthals 

and Homo sapiens, their interactions, cultural and genetic exchanges, and the reasons behind the demise of 

Neanderthals. Answering the many questions about events taking place during this period has long been a 

challenge for researchers for several reasons, and there have been substantial efforts to make dating this 

period more trustworthy. For example, the reliable application of radiocarbon dating during this period was 

questioned due to suspected large fluctuations in atmospheric 14C levels (Conard and Bolus 2003; 2008). 

This hypothesis was shown to be erroneous as the large anomalies were revealed to be artefacts beyond 

plausible physical limits for their magnitude (Talamo et al. 2012a). Furthermore, the low 14C activity near 

the limit of the method causes larger uncertainties and higher susceptibility to modern carbon 

contamination, which was addressed by the development of more efficient pretreatment protocols (Talamo 

et al. 2021a). Additionally, many archaeological sites are being revisited to construct more robust 

chronologies using state of the art methods (Douka et al. 2020; Fewlass et al. 2020; Hublin et al. 2012; 

Ruebens et al. 2022; Talamo et al. 2020; Talamo et al. 2023; Talamo et al. 2012b; Talamo et al. 2021b). 

However, the scarcity and often complete absence of well-preserved samples still remains a critical issue, 
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hindering researchers from fully understanding Homo sapiens ï Neanderthal interactions during the MUP 

(Hublin 2015; Picin et al. 2022).  

 

Figure 6. Simplified graphics of the spread of IUP, transitional assemblages (TA) and EUP in Europe 

with corresponding chronological estimates from Picin et al. 2022.  
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1.2.2. THE LEVANTINE CORRIDOR DEBATE 

The migrations of Homo sapiens from Africa into Europe, whether they followed the Mediterranean coast 

or the Danube River, had started or passed through the Levant (Figure 7 (Hublin 2015; Mellars 2006a; 

2006b; Picin et al. 2022). This makes studying this area of great importance in order to understand the 

mechanisms behind the emergence of new technologies and cognitive behavior associated with Homo 

sapiens in the MUP. As previously mentioned, one of the key issues in understanding the MUP is the lack 

of well-preserved fossils to use for radiocarbon dating, especially human remains. Researchers have thus 

had to find alternative, indirect ways of estimating the age of the rare human fossils that did get discovered 

in this area. An example of such indirect dating is found in the archeological site of Ksar Akil (Lebanon; 

Figure 7). 

Figure 7. A map of the Mediterranean, showing the Levantine corridor and the Ksar Akil archeological site  

The archeological site of Ksar Akil is one of the reference sites for the Upper Paleolithic in the Levant, with 

an archeological sequence including IUP and EUP layers in which Homo sapiens fossils were recovered 

(Figure 8). Two human fossils named óEgbertô and óEthelrudaô are rare examples of human fossils directly 

linked to early Upper Palaeolithic archaeological assemblages. óEgbertô was uncovered in levels associated 

with the Early Ahmarian and comprises the skull and postcranial remains of a juvenile Homo sapiens, while 

óEthelrudaô a partial maxilla of a óóNeandertaloidôô (Homo sapiens with Neanderthal features) female adult, 

was recovered from a level associated with the start of the IUP (Figure 8). Unfortunately, as often is the 

case with MUP remains, these fossils were too degraded and contained no collagen. Furthermore, there 
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were no charcoal samples available for radiocarbon dating. Therefore, it was necessary to use a different 

material. Since the assemblage at Ksar Akil was very rich in mollusk shells (~2000 specimens), most of 

which contained evidence of human use (perforation, burning, polishing, snapping, and ochre residues; 

Figure 8), they were used to construct the radiocarbon chronology for this site and to determine the age of 

the contexts from which óEgbertô and óEthelruda' were recovered (Douka et al. 2013). Douka and colleagues 

dated marine shell beads, which are often regarded as indicators of behavioral modernity, to construct a 

chronostratigraphic framework for Ksar Akil using Bayesian modelling. They estimated the ages of 

óEgbertô and óEthelrudaô at 40.8ï39.2 ka cal BP and 42.4ï41.7 ka cal BP, indicating that they were roughly 

contemporaneous with the oldest directly dated Homo sapiens fossils from Europe. This led them to the 

conclusion that the MUP transition at Ksar Akil, and possibly in the wider northern Levant, occurred later 

than previously estimated, casting doubts on the Levantine corridor hypothesis. 

Figure 8. Stratigraphy of the Ksar Akil site showing the positions of óEgbert and Ethelruda fossils in the 

EUP and IUP sequences respectively, and the óEgbertô cranium together with shell samples from the site.  

 

Two years later, another team of researchers revisited the Ksar Akil site to construct a new chronology, this 

time choosing shells of a very well-preserved marine gastropod associated with the human remains and 

stone tools present at the site (Bosch et al. 2015a). The shells chosen by Bosch and colleagues were collected 
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live and used as food, thus creating a tighter connection between the dated event (mollusk death) and the 

target event (human presence) compared to the previous study (Bosch et al. 2015a). Furthermore, apart 

from performing Bayesian modeling, Bosch et al. (2015) used amino acid racemization to evaluate the 

preservation state of the samples and compared their chronometric results to paleoclimatic data obtained 

using oxygen stable isotopes. Their results yielded a chronology which overlapped with the previous one 

in the upper part of the sequence but was significantly older in the lower part where the IUP and EUP layers 

are located (Bosch et al. 2015a; Douka et al. 2013). The new determinations were between 43.2 and 42.9 

ka cal BP for óEgbertô and older than Ḑ45.9 ka cal BP for óEthelrudaô, falling in line with the chronologies 

of other Levantine sites and predating the European IUP and EUP counterparts (Bosch et al. 2015a). This 

leads the authors to conclude confirming the Levantine corridor hypothesis (Bosch et al. 2015a). They 

suggest several reasons for the discrepancy between the two chronologies including the sample selection 

(ornamental shells vs. live collected mollusks used for food), sample pretreatment (the CarDS protocol vs. 

the standard acid etching protocol) and the use of a different AMS laboratory to perform the radiocarbon 

dating (Oxford vs. Groningen) (Bosch et al. 2015a). Douka and colleagues soon published a letter, 

criticizing the work of Bosch et al. (2015), and stating that the new chronology cannot be valid, due to 

improper use of Bayesian statistics and poor understanding of the stratigraphical sequence of the site 

(Douka et al. 2015). Yet they considered the new radiocarbon determinations correct and the two AMS 

laboratories comparable (Douka et al. 2015). After applying the modifications and parameter changes 

suggested by Douka et al. (2015) to their Bayesian model, Bosch and colleagues obtained age ranges of 

42.7ï40.9 ka cal B.P. for óEgbertô, 49.9ï44.1 ka cal BP for óEthelrudaô and 44.9ï43.6 ka cal B.P. for the 

start of the dated IUP, which did not change their original conclusions (Bosch et al. 2015b). óEthelrudaô 

was still older than all European human fossils other than a sample from Cavallo cave (Italy), whose context 

was uncertain (Bosch et al. 2015b; Zilhão et al. 2015). The debate was concluded with the confirmation of 

Levantine corridor hypothesis by Bosch et al. (2015). 

As attested by this debate, it is challenging to estimate the age of human remains when there isnôt enough 

collagen for a direct radiocarbon determination. There are several issues when doing so using only mollusk 

shells, including the selection of samples not tightly related to the timing of human presence at the site, and 

the application of different sample pretreatment protocols. The determination of erroneously young ages 

can lead to conclusions casting doubt on important events in human evolution, such as the Levantine 

corridor hypothesis, which could have changed our understanding of the beginning of the MUP. This 

underlines the importance of obtaining reliable radiocarbon dates on mollusk shells by performing careful 

sample selection and adequate sample pretreatment. The use of mollusk shells in human evolution studies 

and radiocarbon dating is a multifaceted and complex issue with significant opportunities for improvement 

to which this thesis will be dedicated.  
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1.3. MOLLUSK SHELLS IN RADIOCARBON DATING AND HUMAN EVOLUTION 

STUDIES 

In order to use marine mollusk shells for radiocarbon dating and in the reconstruction of human evolution 

scenarios, it is necessary to understand the many variables to consider when doing so. One of the main 

reasons for which using shells is such a complex issue is the sheer diversity of mollusk species. The phylum 

Mollusca is the second largest phylum of invertebrates and the largest marine phylum with over 80 thousand 

species in existence and at least 30 thousand fossil species from diverse habitats across the world (Ahyong 

et al. 2023). The World Register of Marine species (WoRMS) lists over 10 different classes out of which 

two are extinct (Ahyong et al. 2023). There are over a 100 thousand shell bearing species of mollusks, with 

rare exceptions where the shell is absent (i.e., Cephalopods, Caudofaveata, Solenogastres (Ahyong et al. 

2023). They inhabit the oceans, seas, rivers, and land; some are mobile, while others live fixed to the 

substrate (Ahyong et al. 2023; Santhanam 2018a; 2018b). These diverse habitats have an effect on their 

diets, behavior, and morphology. Most mollusks are filter feeders and grazers, and their diet and way of 

feeding can influence the chemical composition of their soft and hard tissues. The diversity of this phylum 

is also reflected in the many different shapes, sizes, and colors of their carbonate shells. Mollusks grow 

their shells incrementally throughout their lifetime for support and protection, and their resistance gives 

them a high potential to be found within the archeological record. During their growth they faithfully record 

the physical and chemical conditions of the environment they are in, and how it changes through time, 

making them excellent paleoenvironmental archives. The study of changes in the chemical composition 

(i.e., stable isotopes and trace elements) and physical accretionary patterns of mollusk shells, used to 

produce paleoenvironmental reconstructions with extremely high resolution is called sclerochronology 

(Andrus 2011; Gillikin et al. 2019; Leng and Lewis 2016; Peharda et al. 2021; Schöne and Fiebig 2009; 

Yan et al. 2020). This field of research (described more in detail in the following paragraphs) is tightly 

intertwined with human evolution studies, as it can provide important information for the interpretation of 

past human behavior and facilitate the reconstruction of different scenarios of the past. This is one of the 

reasons for the great importance of mollusk shells for the study of human evolution. Another reason behind 

the significance of mollusk shells for human evolution studies is their diverse uses throughout the 

evolutionary history of ours and other human species (Bar-Yosef Mayer et al. 2009; Bicho et al. 2010; 

Cortés-Sánchez et al. 2011; Douka 2011; Douka and Spinapolice 2012; Joordens et al. 2015; Marean et al. 

2007; Peresani et al. 2013; Ramos-Muñoz et al. 2016; Tátá et al. 2014; Wei et al. 2016; Zilhão et al. 2010). 

Anatomically modern humans have long used shellfish as an important dietary component due to their easy 

accessibility, reliable availability throughout the year and source of proteins and micronutrients essential 

for physical development (Bailey and Flemming 2008; Colonese et al. 2011; Fa et al. 2016; Marean et al. 



31 

 

2007). Furthermore, they have been often used for ornamental and utilitarian purposes, by both modern 

humans and Neanderthals, thus reflecting their symbolic thinking and cognitive development (Bicho and 

Haws 2008; Cortés-Sánchez et al. 2011; Douka 2011; Douka and Spinapolice 2012; Fa et al. 2016; Tátá et 

al. 2014; Wei et al. 2016; Will et al. 2019). Their diverse and frequent use, together with the mechanical 

and physical resistance of the calcium carbonate crystalline structure (Barthelat 2010), has made mollusk 

shells the most widespread marine material found in archaeological sites around the world, often found as 

accumulations up to several meters heigh called shell middens (Álvarez et al. 2011; Ambrose 1967; 

Hausmann et al. 2019; Lindauer et al. 2017a; Waselkov 1987). This abundance in the archeological record 

makes them a useful material to construct site chronologies, especially since mollusk shells are present even 

where other materials are absent or too degraded to be radiocarbon dated (e.g., especially in arid 

environments in the Arabian Peninsula such as the case of Ksar Akil and similar sites (Biagi 1994; Bosch 

et al. 2015a; Douka et al. 2013; Magee et al. 2009). Shells are thus frequently used to constrain chronologies 

from archaeological sites where other materials are unavailable, where it is crucial to consider the different 

variables affecting 14C content in the shells before drawing important conclusions about human evolution. 

Some of these variables are briefly described in the following paragraphs. 

1.3.1. RESERVOIR EFFECTS 

Shells show an older radiocarbon age compared to contemporaneous terrestrial materials and this offset is 

known as the reservoir effect. It is caused by the slow diffusion of CO2 through the ocean surface and the 

even slower circulation of deep oceanic water masses, which cause a higher depletion than replenishment 

of 14C (Figure 9). Subsequently, the different global and local ocean currents influence the amount of 14C 

depleted water at each location and the local reservoir effect. The current marine calibration curve 

(Marine20) that was developed to account for this offset in 14C in the ocean, includes comparison to 

reservoir ages that have been determined using known-age specimens from museum collections, which 

were collected alive (during the pre-bomb era (Heaton et al. 2020). It should be noted that the nuclear bomb 

tests caused an enormous increase of atmospheric 14C values, which were stored in the ocean reservoir in a 

large amount, causing a reduced or absent reservoir age in marine organisms nowadays compared to the 

pre-bomb period (Jenkins et al. 2010). The average pre-bomb period value of the marine reservoir offset is 

approximately 400 14C years for the global surface oceans in the Northern hemisphere (Stuiver and 

Braziunas 1993). However, as mentioned, the marine reservoir age values vary geographically and can 

range from about 400 14C years in subtropical oceans to over 1000 14C years near the poles (Reimer and 

Reimer 2001). These values are influenced by factors such as ocean currents, freshwater inputs and the 

presence of different upwelling intensities bringing 14C depleted waters to the surface ocean, where they 

are incorporated into marine organisms (Alves et al. 2018). When performing 14C calibration for marine 
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samples, the regional variation of the reservoir age has usually been taken into account by including a 

regional correction to the marine calibration curve called ȹR but the time dependence of both the reservoir 

age and ȹR has made marine calibration more uncertain than for terrestrial samples (Russell et al. 2011b). 

In 2001 an on-line marine reservoir correction database has been developed and updated through the years, 

to allow for the correct calibration of marine sample ages (Reimer and Reimer 2001), while more recently 

an on-line application for the calculation of ȹR offsets has also been developed (Reimer and Reimer 2017). 

However, the local reservoir effect also varies for different species and through time (Lindauer 2019). Some 

studies on the determination of species-specific reservoir effects are already available (Alves et al. 2015; 

Hadden and Cherkinsky 2017; Paterne et al. 2018; Russell et al. 2011a), although mean values irrespective 

of species are still being determined by some authors (Diaz et al. 2017). To establish reliable radiocarbon 

chronologies using shells, the reservoir effect must be determined considering both the location, period, 

and species of interest to avoid increasing the dating uncertainty and causing subsequent erroneous 

interpretations. 

Figure 9. Schematic representation of the global termohaline circulation. Figure modified after National-

Geographic-Society 2023. 
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The terrestrial equivalent of the reservoir effect is the hardwater effect, caused by the uptake of 14C deprived 

carbon from limestones or carbonate-bearing rocks by organisms or via groundwater. The hardwater effect 

can be even larger than the reservoir effect and is important to consider when using freshwater or estuarine 

mollusk species for radiocarbon dating.  

1.3.2. HABITAT , DIET AND METABOLISM  

Mollusk shells can provide high-resolution information about paleoenvironments over long periods of time, 

depending on the species (Andrus 2011; Hallmann et al. 2013; Lindauer 2019; Lindauer et al. 2017b). The 

shell material contains information about the environmental conditions and food resources throughout the 

molluskôs entire lifetime (Hallmann et al. 2013; Leng and Lewis 2016; Twaddle et al. 2016). However, 

even specimens of the same species can be exposed to different local conditions and food availability. The 

research so far has shown that there are radiocarbon offsets among specimens due to their habitat, food 

preference and availability, diet, and metabolic differences, as well as carbon uptake and incorporation 

changes due to stress or illness (Dye 1994; Fernandes et al. 2012; Ingram 1998; Keith and Anderson 1963; 

Kennett et al. 1997; Killingley and Berger 1979; Lindauer 2019; Wefer and Berger 1991). These offsets, 

especially among different species, clearly reflect the variable food resources and habitats (Lindauer 2019; 

Lindauer et al. 2017a). Therefore, before radiocarbon dating archeological specimens it is important to 

properly investigate the species diet and feeding, as well as shifts in their habitat conditions. Since these 

differences are mirrored in the 14C content of the shells, we can detect them using stable isotope studies, 

which can be combined with radiocarbon dating to monitor environmental changes such as freshwater input 

in estuaries (Hadden et al. 2018; Webb et al. 2007). 

1.3.3. SCLEROCHRONOLOGY AND STABLE ISOTOPES 

Numerous targeted and interdisciplinary studies on mollusk shells revealed the potential of using mollusk 

shells for paleoenvironmental studies with establishment of proxies for different environmental variables 

(Hallmann et al. 2013; Jones and Allmon 1995; Khim 2003; Lindauer et al. 2017b; Milano et al. 2018a; 

Milano et al. 2022; Milano et al. 2020; Peharda et al. 2021; Sadler et al. 2012). Mollusk shells incorporate 

trace elements and stable isotopes in their skeleton which grows in sequential increments, making them 

high-resolution temporally aligned geochemical records of past environmental conditions and climate 

changes (Schöne 2008; Schöne and Surge 2012). During suboptimal environmental conditions or other 

conditions of stress for the mollusk (e.g., spawning, lack of nutrients, extreme salinity, or temperature 

changes) the shell stops growing and thus no environmental condition is recorded. When conditions 

improve again and the calcium carbonate production resumes, a "growth line" is produced. The carbonate 
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deposition is typically periodic (daily or seasonal), and the material deposited between two growth lines 

called a growth increment. In this sense sclerochronology is comparable to dendrochronology (Figure 10). 

Both are based on the seasonal growth bands of these organisms which reflect the complex interactions of 

biological clocks and physiological processes with recurrent environmental pacemakers such as light/dark 

cycles, tidal exposure and diurnal or seasonal temperature variations (Butler et al. 2019). In fact, using cross 

dating derived from tree ring research, it is possible to assign precise ages to the growth increments and 

create absolutely dated chronologies. This allows for the creation of timelines of physical, geochemical, 

and genetic variability to study past environmental change in great detail. However, the growth hiatuses 

make the environmental record incomplete and cause a bias towards the physiological optimum of the 

animal. The conditions that cause changes in growth patterns due to different tolerances are genetically 

determined and species-specific (Schöne 2008). Furthermore, during aging the overall growth rates and the 

duration of growth seasons of mollusks decrease creating an ontogenetic trend (McConnaughey and Gillikin 

2008; Schöne 2008).  

Figure 10. Comparison between the seasonal growth bands of a Pinus sp. (a) and of a Glycymeris glycymeris 

shell (b). Figure of G. glycymeris adapted from (Butler et al. 2019). 

  



35 

 

In sclerochronology, a number of proxies (i.e., stable isotopes and trace elements) are used to reconstruct 

different parameters of the paleoenvironment (Leng and Lewis 2016; McConnaughey and Gillikin 2008; 

Peharda et al. 2021). The use of stable isotopes as geochemical proxies relies on isotope fractionation during 

different chemical reactions (e.g., carbonate precipitation or respiration in mollusks) and the preservation 

of the resultant stable isotope ratio in the shell material. An example of a paleoenvironmental proxy which 

has been extensively studied, is the shell oxygen isotope content (ŭ18O), and it is routinely used as a 

(paleo)thermometer in sclerochronological and archeological studies (Goodwin et al. 2003; Grossman and 

Ku 1986; Leng and Lewis 2016; Mannino et al. 2008; Milano et al. 2020; Prendergast et al. 2013; 

Prendergast and Schöne 2017; Schöne et al. 2004). Most shells precipitate their oxygen in or close to 

equilibrium with the oxygen isotope composition of the ambient water with no known metabolic effects 

influencing their ŭ18O (Wefer and Berger 1991), making it a reliable tracer for temperature and geochemical 

changes of the water. One of the first empirical paleotemperature equations for the equilibrium precipitation 

of carbonates was developed by (Grossman and Ku 1986): 

ὸ ςπȢφπ τȢστὧ ύ πȢςχ 

Where:  

ī t = temperature (°C) 

ī c = ŭ18O of carbonate (compared to Vienna ï PeeDee belemnite standard (V-PDB) in ă) 

ī w = ŭ18O of water (compared to Vienna ï standard mean oceanic water (V-SMOW) in ă). 

There are now several paleotemperature equations available for different mollusk species (Butler et al. 

2019). Since the correlation between shell oxygen isotopes and temperature is negative (Grossman and Ku 

1986); with a change of 1 ă in ŭ18O corresponding to a change temperature of ca. 4.3 °C), more positive 

ŭ18O values will indicate colder water and more negative ŭ18O values warmer water temperatures (Schöne 

and Surge 2012). Using the shell ŭ18O and growth lines, species-specific optimal temperature ranges can 

also be determined, due to the species-specific physiological tolerances influencing shell growth (Schöne 

2008). Furthermore, combining ŭ18O shell values with their growth patterns can help determine the 

periodicity of shell growth, and when temperatures are known it can be used to derive salinity variations in 

certain periods of time (Schöne and Surge 2012).  

Stable isotopes of ŭ18O and ŭ13C are often measured together and usually along the shells growth direction 

to monitor changes throughout the lifetime of the mollusk (Milano et al. 2018a; Milano et al. 2022; Milano 

et al. 2020). Changes in freshwater input and salinity can be detected using both ŭ18O and ŭ13C, given that 

freshwater and seawater have different isotopic signatures due to different amounts of precipitation and 
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terrestrial input (i.e., decomposition of terrestrial plants adds CO2 and thus lighter isotopes to river water). 

Shells incorporate ŭ13C mainly from dissolved inorganic carbon (DIC) in the water and to a minor extent 

metabolic CO2 (McConnaughey and Gillikin 2008). Interpreting the ŭ13C signal is very challenging due to 

the many factors influencing the isotopic composition of the shells such as physiological factors, food 

availability, or varying water DIC levels (including freshwater input (Culleton et al. 2006; McConnaughey 

and Gillikin 2008), which would also influence the apparent 14C age and the local reservoir effect (e.g., 

(Culleton et al. 2006). As most of the carbon responsible for the ŭ13C should have the same origin as 14C in 

the shell, measuring radiocarbon along the shell might help to better interpret ŭ13C data, and vice versa since 

the same origin can represent different influences on the respective signals. For example, incorporating 

carbon from limestone will shift ŭ13C towards more positive values, but at the same time will be depleted 

in 14C, hence shifting the signal towards older ages. Therefore, combining sclerochronology and stable 

isotope data with radiocarbon dating can shed light on local environmental conditions and how they change 

over time, helping elucidate certain events in human evolution. 

1.3.4. HUMAN PROCESSING OF MOLLUSK SHELLS 

Archaeological research has shown that the human processing of mollusk shells occurs not far from the 

place of collection in most cases, due to the high weight of the shell relative to that of the edible soft tissue 

(Waselkov 1987). Therefore, mollusk shells can be considered a reliable indicator of local coastal 

conditions near the site from which they were collected. However, shell foraging and processing often 

includes heating of shells that inflicts a transformation from aragonite to calcite and can also destroy the 

microstructural pattern of the shell material (Lindauer et al. 2018; Milano et al. 2018b; Milano and Nehrke 

2018; Milano et al. 2016). Such shells cannot always be distinguished with certainty from non-heated ones 

during collection in the field, raising the question if the reservoir effect and stable isotope signatures are 

affected by the heat exposure. So far, the studies on heat exposure in shells have found that an exchange of 

oxygen isotopes with the surrounding environment occurs during heating and it drastically alters the initial 

shell isotopic composition (Milano et al. 2016). Even though the oxygen isotopes showed significant 

changes in burnt shells, it was discovered that the radiocarbon ages from heated shells show a narrower 

range of variability compared to unheated shells (Lindauer 2019; Lindauer et al. 2018). This is possibly due 

to a closure of the shell structures during heat exposure which prevents external carbon from entering the 

shell structure even when polymorphic transformation has occurred (Lindauer 2019; Lindauer et al. 2018). 

Although heat significantly alters the appearance and mineralogy of shells, 14C AMS ages obtained on burnt 

shells showed agreement with the archeological context they were found in, indicating that reliable dates 

can be obtained even on heat processed shells (Lindauer 2019; Lindauer et al. 2018).  
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1.3.5. POST DEPOSITIONAL AND DIAGENETIC PROCESSES 

Last, but certainly not least, it is necessary to consider all the processes affecting the shell after it is 

deposited at the archeological site. In shells, there is a complex organization of calcium carbonate (CaCO3) 

units and organic compounds with extraordinary resistance to mechanical and chemical stresses (Barthelat 

2010). Yet over long timescales, diagenesis can still alter their material properties. Diagenesis encompasses 

all physical and chemical processes occurring to the tissues after the death of the animal, which are 

important to consider in case of archeological remains for a correct interpretation of obtained results. 

Specimens from the same archaeological layer should have a comparable preservation state since they are 

subjected to similar environmental conditions after burial (i.e., depth, sediment composition and soil pH). 

The overall preservation state indicates whether natural diagenesis altered the shells, and any further 

deviation from it likely indicates additional processes which might have affected the shell. One of the most 

prominent diagenetic processes which can occur in mollusk shells is recrystallization, which can be present 

in significant detectable amounts or limited to small portions of the shells. During recrystallization the 

primary carbonate phase, often the less stable polymorph ï aragonite, transforms into a secondary more 

stable phase, often calcite (Toffolo 2021). This process creates the potential for isotopic exchange and the 

incorporation of exogenous carbon that can alter the 14C signal and therefore the resulting age (Loftus et al. 

2015; Webb et al. 2007). Sand blasting and abrasion were thought to remove surface contamination and 

altered portions, assumed to also be concentrated mainly on the outer portion of the shells. Attempts have 

also been made to exclude diagenetically altered shell portions from 14C dating through chemical etching, 

but this methodology was not successful due to the higher solubility of aragonite compared to calcite (Vita-

Finzi and Roberts 1984). Shell mineralogical composition can be determined using several different 

techniques including Confocal Raman Microscopy (CRM (Nehrke and Nouet 2011; Toffolo 2021), 

Scanning Electron Microscopy (SEM (Dauphin 2008; Toffolo 2021), Fourier Transform Infrared 

Spectrometry (FTIR (Loftus et al. 2015; Toffolo 2021) and X-ray diffraction (XRD (Douka et al. 2010; 

Russo et al. 2010; Toffolo 2021) which can allow for the detection of recrystallization in certain cases. In 

2010, a new pre-treatment protocol was developed to attempt the removal of diagenetically altered shell 

portions through density separation of aragonite and calcite, showing great potential for the improvement 

of 14C dates in heavily recrystallized shells (Douka et al. 2010; Russo et al. 2010) and will be discussed 

more in Chapter 2. However, diagenetic processes can often occur without a change in carbonate 

polymorphs, meaning that aragonite cannot be automatically considered the primary phase and the mere 

determination of the carbonate polymorph is not indicative of the presence or amount of diagenesis in the 

sample (Guzmán et al. 2009; Perrin 2004; Toffolo 2021). Furthermore, variation in diagenetic effects 

among shell samples was hypothesized in a previous study after the application of both XRD and Scanning 
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electron microscopy which did not always show consistent results (Barton 2012). Additionally, some of the 

samples which were determined as well-preserved gave radiocarbon determinations which despite that were 

statistical outliers (Barton 2012).Therefore, to truly asses the preservation state of the shells there is a need 

for multiple lines of evidence, and the polymorph detection should be combined with other tests such as 

microscopic examination of the crystalline structure and the examination of the organic matter preservation 

(Guzmán et al. 2009; Perrin 2004; Toffolo 2021). 
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1.3.6. THE SHELL ORGANIC MATRIX 

The radiocarbon and stable isotope research so far focused almost exclusively on the carbonate fraction of 

shells (Douka et al. 2010; Peharda et al. 2021; Russo et al. 2010). However, as shells are biogenic structures, 

they contain a small portion of organic matter as well (< 5 wt%) (Kobayashi and Samata 2006; LeBlanc 

1989; Marin et al. 2012; Marin et al. 2007; Marin et al. 2013; Suzuki and Nagasawa 2013; Weiner 1979; 

1984; Weiner and Hood 1975; Weiner and Traub 1980; Weiner et al. 1983; Wheeler et al. 1988; Wheeler 

and Sikes 1984). Biomineralization in mollusk shells constitutes of a series of organic matrix ï mediated 

processes which result in the formation of the calcium carbonate structures (Falini et al. 1996; Weiner and 

Dove 2003). The functions performed by different matrix constituents in mollusk shells are still poorly 

understood, yet it is clear that they have important roles in biomineralization (Nudelman et al. 2006; Suzuki 

and Nagasawa 2013; Weiner 1979; Weiner and Hood 1975). The organic matrix is also thought to take part 

in cell signaling, enzymatic (Marin et al. 2012; Marin et al. 2007; Marin et al. 2013) and immunity functions 

(Arivalagan et al. 2017). It is often divided into two biochemically and functionally distinct units: a soluble 

and an insoluble fraction (Grégoire 1972; LeBlanc 1989; Lowenstam and Weiner 1989; Suzuki and 

Nagasawa 2013; Weiner 1984; Weiner and Hood 1975; Weiner and Traub 1980; Wheeler et al. 1988; 

Wheeler and Sikes 1984). In the insoluble fraction, glycine, alanine, phenylalanine and tyrosine are the 

main amino acids constituting the proteins, which are crosslinked by phenoloxidase making this fraction 

insoluble (Weiner et al. 1983). On the other hand, the proteins of the soluble matrix are rich in aspartic acid 

and to a lesser extent glutamic acid (Weiner 1979; Weiner et al. 1983). The insoluble matrix is thought to 

act as a structural framework, directing the calcium carbonate mineralization by regulating crystal 

nucleation, orientation, and polymorphism, while the soluble fraction was found to have a role in the 

binding of calcium ions regulating crystal growth and morphology (Suzuki and Nagasawa 2013; Weiner 

and Hood 1975; Weiner and Traub 1980; Weiner et al. 1983). A recent study found that the organic 

intracrystalline matrix also plays an important role in the diagenetic mineralogical transformation from 

aragonite to calcite (Milano and Nehrke 2018). Even though its composition and functions have been 

studied since the late 1900s, researchers have only recently started using the organic fraction for 

radiocarbon dating (Hadden et al. 2018; Hadden et al. 2019) and stable isotope studies (Carroll et al. 2006; 

Ellis et al. 2014; Misarti et al. 2017; OôDonnell et al. 2007; Whitney et al. 2019). Furthermore, it was 

demonstrated that the intracrystalline organic matrix represents a closed system that should be unaffected 

by diagenetic processes (Penkman et al. 2008). Therefore, investigating the 14C of the organic matrix could 

allow us to potentially improve the accuracy of the chronometric results and to increase the reliability of 

shells as suitable dating materials. Additionally, the stable isotope composition of the shell organic matrix 

could be a useful addition to the suite of available paleoenvironmental proxies. 
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1.4. PROJECT AIM 

The overall objective of this project is to make steps forwards, toward more reliable methods and a better 

understanding of mollusk shells and their use for radiocarbon dating and the study of human evolution. Due 

to a lack of well-preserved remains in many archeological sites, especially for the period of the MUP, 

mollusk shells are often the only available material to use for radiocarbon dating. Therefore, obtaining 

reliable radiocarbon determinations on mollusk shells might allow for the construction of new radiocarbon 

chronologies and add crucial information about the timing of human migrations, interactions, and cognitive 

development. Furthermore, the use of mollusk shells for paleoenvironmental reconstructions also makes 

them a useful resource for the study of human evolution as they provide additional evidence helpful for the 

interpretation of scenarios of human migration, adaptation, and behavior. However, using mollusk shells in 

the study of past environments and for radiocarbon dating is a complex issue and comes with many sources 

of uncertainty, leaving ample room for improvement. Chapters 2 and 3 of this thesis focus on establishing 

and applying novel methodological approaches concerning the pretreatment and measurement of 

radiocarbon and stable isotopes in archeological and modern mollusk shells. Standard methods for both 

radiocarbon and stable isotope studies focus on the carbonate fraction of the mollusk shell. However, the 

shell contains a minor organic fraction which has an important role in the biomineralization and is still not 

fully understood. This thesis explores the potential of the shell organic matrix for radiocarbon dating and 

paleoenvironmental studies. 

1.4.1 CHAPTER 2 - CHEMICAL PRETREATMENT FOR RADIOCARBON DATING 

The first chapter of this thesis explores the existing radiocarbon pretreatment protocols for mollusk shells 

and aims at introducing new solutions to attempt a better and more reliable age determination.  

The standard acid etching pretreatment method for mollusk shells is the most used in many 14C laboratories, 

although another pretreatment protocol known as CarDS (Carbonate Density Separation) was introduced 

just over a decade ago. We compare these two methods targeting the carbonate fraction, with two newly 

proposed methods aiming at extracting the intracellular organic fraction of the shell which has been largely 

overlooked by the radiocarbon community. We tested the methods on modern shell specimens first to make 

adjustments to the protocols if and when necessary. We then applied all four methods to samples selected 

from different archeological layers of the well-known Upper Paleolithic site of Vale Boi. 
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The results of this study have been accepted to the Radiocarbon journal for peer review in a manuscript 

titled ñTo date or not to date? A comparison of different 14C pretreatment methods applied to archeological 

marine shells from Vale Boi (Portugal).ò Dragana Paleļek, Giuseppe Falini, Lukas Wacker, Marcello A. 

Mannino, Nuno Bicho, João Cascalheira, Alessandro G. Rombolà, Daniele Fabbri, Sahra Talamo. 

1.4.2 CHAPTER 3 ï STABLE ISOTOPE ANALYSIS IN THE SHELL ORGANIC MATRIX 

The second chapter of this thesis investigates the use of oxygen and hydrogen stable isotope determinations 

from the shell organic matrix as proxies for environmental reconstructions.  

As for radiocarbon dating, stable isotope studies focus mainly on the carbonate fraction of mollusk shells, 

leaving the organic fraction largely unexplored. After extraction and separation of the soluble and insoluble 

fractions of the organic matrix of modern Mytilus galloprovincialis shells, we measure their hydrogen and 

oxygen stable isotope compositions. The shells were collected from three sites in Cantabria, Northern Spain 

located along a coastïto-upper estuary environmental gradient, which allowed for a study of the effect of 

different environmental parameters on the stable isotope composition. 

The results obtained in this study have been submitted for publication in Nature Communications Chemistry 

in a manuscript titled: ñStable isotopes in the shell organic matrix for (paleo)environmental 

reconstructionsò. Dragana Paleļek, Stefania Milano, Igor Gutiérrez-Zugasti, Sahra Talamo. 

1.4.3 CHAPTER 4 ï CONCLUSIONS AND OUTLOOK 

The final section of this dissertation will provide a brief conclusion of the outcomes of this PhD project 

and discuss the implications for future applications. 
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CHAPTER 2 - SHELL PRETREATMENT FOR RADIOCARBON 

DATING 

2.1. STATE OF THE ART AND PROBLEM STATEMENT 

As mentioned in the introduction of this thesis, mollusk shells are often found in archeological sites, given 

their great preservation potential and high value as a multipurpose resource. Some mollusk species were 

used as food, others to make tools such as scrapers or decorative beads for ornamental purposes (Bicho and 

Haws 2008; Cascalheira et al. 2012; Douka 2011; Tátá et al. 2014). Mollusk shells provide high-resolution 

records of past environmental conditions and fluctuations, which are reflected in the carbonate structure as 

variable growth rates and chemical properties (Schöne 2008). Shell stable isotopes have been used 

extensively in the literature to estimate and reconstruct paleoenvironmental conditions, namely 

temperature, precipitation-evaporation patterns, upwelling intensity, and primary productivity (Elliot et al. 

2009; Jones and Allmon 1995; Milano et al. 2022; Milano et al. 2020; Sadler et al. 2012; Schöne et al. 

2004). Apart from past environmental conditions, shell remains represent a record of the evolutionary 

history of different human populations, their adaptation strategies, dietary habits, and symbolic thinking 

(Ramos-Muñoz et al. 2016; Will et al. 2019; Zilhão et al. 2010). Due to the elevated preservation potential 

of the carbonate crystalline structure, shells can often be the only available materials at archeological sites 

useful for 14C dating (Brumm et al. 2018; Douka et al. 2013; Ono et al. 2009). However, dating only shells 

can lead to misinterpretations due to various potential issues that can arise before and during sample analysis 

and calibration. Firstly, it is important to perform careful sample selection, both considering the 

preservation state in terms of diagenesis and time averaging, as well as species selection which could 

potentially create a difference between the target event and the dated event. Furthermore, there can be issues 

during sample pretreatment and dating, which can cause insufficient contamination removal or the 

introduction of exogenous contaminant carbon during analysis and processing. Finally, there are several 

corrections that are necessary to perform on the obtained radiocarbon date to have a calibrated age (such as 

isotope fractionation, the marine reservoir effect for marine species and the freshwater effect for riverine 

species). If all these issues are not considered when performing analysis on shells, it can lead to 

misinterpretations not only of the archeological context of the site, but also erroneous conclusions about 

migration events in human evolution. The debate on the site of Ksar Akil in Lebanon highlights the issue 

of using only shells when constructing a site chronology (Bosch et al. 2015; Douka et al. 2013). In Ksar 

Akil , the human remains and any other organic material, were too degraded to be able to perform 14C dating, 

and the only other available material was mollusk shells (Bosch et al. 2015; Douka et al. 2013). The results 

from Douka et al. (2013) placed the specimens as roughly contemporaneous to the oldest corresponding 

remains in Europe, thus casting doubts on the Levant as the point of origin for the dispersal of Upper 
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Paleolithic culture into Europe. On the other hand, Bosch et al. (2015) showed that the human remains from 

Ksar Akil predate the European Upper Paleolithic as previously thought, confirming the hypothesis of the 

Levant as the starting dispersal point of Upper Paleolithic culture into Europe (Belfer-Cohen and Goring-

Morris 2012; Bosch et al. 2015; Hublin 2012). The two studies used two different shell pretreatment 

methods and different sample selection criteria, which might have been part of the reason behind the 

discrepancy of the dates. The sample preservation state was also different, as one study used ornamental 

shells, while the other used shells collected for consumption (Bosch et al. 2015; Douka et al. 2013). As 

demonstrated by this debate, dates obtained only on shells can cause changes in important scenarios that 

can alter our understanding of events in human evolution. This emphasizes the crucial need to improve the 

accuracy of the chronometric results and to increase the reliability of shells as suitable dating materials. 

Although the 14C dating of shells has been improved over the years (Alves et al. 2018; Douka et al. 2010b; 

Faivre et al. 2015; Lindauer 2019; Philippsen 2013; Pigati 2002; Reimer and Reimer 2001; Reimer and 

Reimer 2017; Russell et al. 2011), there are still issues hindering the reliability of the chronometric data. In 

shells, there is a complex organization of calcium carbonate (CaCO3) units and organic compounds with 

extraordinary resistance to mechanical and chemical stresses (Barthelat 2010). Yet, over long timescales, 

diagenesis can still alter their material properties. The primary carbonate phase, often aragonite, can 

recrystallize into secondary calcite after deposition. During the dissolution and precipitation of secondary 

calcite, there can be an incorporation of exogenous carbon into the sample. This is one of the processes 

which can cause a difference in the isotopic composition of the secondary phase compared to the primary 

one and alter the 14C signal and therefore the resulting age (Douka et al. 2010a). Sand blasting and abrasion 

were thought to remove surface contamination and altered portions, assumed to also be concentrated mainly 

on the outer portion of the shells. Furthermore, chemical etching is used in attempts to remove shell portions 

altered by diagenesis from the 14C dating analysis, which is performed on the entire carbonate fraction. This 

method has been widely used since the first applications of 14C dating on marine shells, and variations of it 

are still applied in most laboratories around the world (Brock et al. 2010; Busschers et al. 2014; Chappell 

and Polach 1972; Dee et al. 2019; Gillespie et al. 1986; Santos et al. 2004). However, the brief acid etching 

of the shell surface is not entirely successful in removing altered portions of the shell due to the higher 

solubility of aragonite compared to calcite and the localized effect of the pretreatment. A novel pretreatment 

protocol using Carbonate Density Separation (CarDS) was developed by Douka and colleagues in 2010 

(Douka et al. 2010a; Russo et al. 2010). This method showed promising results for the removal of secondary 

calcite from diagenetically altered corals and mollusk shells for 14C dating, and it represents the most recent 

innovation in this area. This method aims to separate the primary and secondary phase based on their 

different densities, in order to remove all the potentially contaminated secondary carbonate, not just from 

the surface, thus obtaining a more accurate date for the sample (Douka et al. 2010a; Russo et al. 2010). 
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However, diagenetic processes can often occur without a change in carbonate polymorphs, meaning that 

aragonite cannot be automatically considered the primary phase and the mere determination of the 

carbonate polymorph is not indicative of the presence or amount of diagenesis in the sample (Guzmán et 

al. 2009; Perrin 2004; Toffolo 2021). Although there are studies focusing on the pretreatment of the mineral 

fraction of the shell, the organic fraction was largely overlooked as it represents a minor portion of the shell 

(Hadden et al. 2018; Hadden et al. 2019). A recent study found that the organic intracrystalline matrix plays 

an important role in the diagenetic mineralogical transformation (Milano and Nehrke 2018). Their results 

state that the amount and composition of the organic portion of the shell influence the temperature at which 

the thermally induced transformation from aragonite to calcite occurs. Furthermore, the intracrystalline 

organic matrix is a closed system that was found to be isolated from the environment (Penkman et al. 2008) 

making isotopic exchange between the atmosphere and the intracrystalline organic matrix after deposition 

unlikely. However, attempts to date the organic matrix fraction are scarce and on much younger shells 

(Hadden et al. 2018; Hadden et al. 2019). Therefore, investigating the 14C signal output of the organic 

matrix and comparing the results with outputs of the established methods could allow us to potentially 

improve the accuracy of the chronometric results and increase the reliability of shells as suitable dating 

materials.  

Here, we introduce two methods aiming to extract the intracellular organic matrix of the shell and compare 

them to the two previously mentioned methods from literature (Dee et al. 2019; Douka et al. 2010a; Russo 

et al. 2010). One of the methods for organic matrix extraction is based on a method routinely used on 

modern shells and coral samples in studies focusing on the intracellular proteins (Falini et al. 2013; Reggi 

et al. 2014). The advantage of this method is the use of a dialysis membrane, which allows to extract both 

the soluble and the insoluble organic matrix from the shell and minimizes the loss of organic material. The 

second method is quite similar, following mostly the same steps, although it does not include the use of a 

dialysis membrane. It was developed based on the collagen extraction method routinely used on bone 

samples for 14C dating (Talamo et al. 2021; Talamo and Richards 2011). Comparing the 14C dates obtained 

from all four methods we could determine the best method to routinely apply on mollusk shells, which 

would exclude pretreatment as an issue when considering the use of shells for radiocarbon dating. This will 

be one step towards achieving more reliable results and helping obtain trustworthy chronologies for sites 

where shells are the only available material for dating. 
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2.2. SITE UNDER INVESTIGATION 

The archeological site of Vale Boi is a well-known Upper Paleolithic site in southwestern Portugal (Figure 

11) rich in mollusk shells, making it a great site to use for such methodological experiments. This site is 

situated between two different environments: the Mediterranean and Atlantic coasts, and it represents the 

earliest recorded Homo sapiens occupation in southwestern Iberia, as attested by the Early Gravettian 

remains dated to c. 32 ka cal BP (Bicho et al. 2013). This site has a long stratigraphic sequence spanning 

from the early Gravettian, Proto-Solutrean, Solutrean, and Magdalenian (Cascalheira et al. 2012; Manne et 

al. 2012; Marreiros et al. 2015). Previous studies found evidence of multiple human occupations at this site, 

proving that it was most likely a seasonal residential camp with a combination of exogenous and regional 

cultural traits and a diversified use and processing of available resources including mollusk shells (Bicho 

and Haws 2008; Bicho et al. 2013; Cascalheira et al. 2012; Manne et al. 2012). Furthermore, there was an 

intense presence of inland and coastal foraging, hunting, and processing of various types and sizes of prey, 

possible processing of edible plants, as well as the production of various lithic and bone tools, ornaments 

and art including abundant shell beads (Bicho and Haws 2008; Bicho et al. 2013; Manne 2014; Manne et 

al. 2012; Marreiros et al. 2015; Pereira et al. 2016; Tátá et al. 2014). The presence of several mollusk species 

spans the different levels of the site proving the continued use and importance of mollusk shells as a 

resource throughout the stratigraphic sequence and allowing us to select and pretreat samples of different 

ages for comparison. Vale Boi has been excavated in three main areas ï the Rockshelter, Slope and Terrace 

areas (Figure 12). Out of these three areas, the Terrace has the longest and most complete archeological 

sequence (Cascalheira et al. 2012; Manne et al. 2012; Marreiros et al. 2015). In previous studies, numerous 

14C dates were available from all areas of the site, including dates on mollusk shells from the Terrace area 

(Table 2). However, there were some problems with the dates in terms of agreement with the stratigraphic 

sequence that need further investigation (Cascalheira et al. 2012). Access to previous dates allows us to 

compare any new experimental results, which might also help clarify the stratigraphic incoherencies. 
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Figure 11. The location of the Vale Boi archeological site in Portugal, at the Southwestern tip of the Iberian 

Peninsula; on the bottom right two archeological shell specimens collected in the Terrace area of the site, 

Pecten sp. (top) and Crassostrea sp. (bottom). 
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Figure 12. The Vale Boi excavation areas 1 ï Rockshelter; 2 and 3 ï Slope and 4 ï Terrace  

(Figure modified after Cascalheira et al. 2012)  



67 

 

Table 2. Previous dates on samples from the Terrace area of the Vale Boi site.  

Archeological 

attribution  
Layer Material  AMS code 

14C 

age 

1ů 

err  
Notes Reference 

Epipaleolithic 3 Charcoal AA-63310 8696 54  Tàtà et al. 2014 

Epipaleolithic 3 Charcoal Wk-13685 8749 58  Tàtà et al. 2014 

Epipaleolithic 3 Charcoal AA-63305 8825 57  Tàtà et al. 2014 

Epipaleolithic 3 Charcoal Wk-24761 8886 30  Tàtà et al. 2014 

Epipaleolithic 3 Olea Wk-36256 8737 25  Tàtà et al. 2014 

Epipaleolithic 3 Olea Wk-36255 8664 25  Tàtà et al. 2014 

Gravettian 5 Patella Wk-32144 24381 258 Calcite Tàtà et al. 2014 

Gravettian 5 Bone Wk-31090 24549 165 
Min. age ï 

low collagen 
Tàtà et al. 2014 

Gravettian  5 Charcoal Wk-24762 24769 180  Tàtà et al. 2014 

Gravettian 5 Patella Wk-32144.2 23613 240 Aragonite Tàtà et al. 2014 

Proto- Solutrean 5 Patella Wk-50390 20554 75  Tàtà et al. 2014 

Proto-Solutrean 5 Shell Wk-42831 20329 90  Cascalheira et 

al. 2017 

Proto-Solutrean 5 Charcoal Wk-42830 20818 107  Cascalheira et 

al. 2017 

Gravettian 5 
Lit torina 

littorea 
Wk-44416 22358 80  Belmiro et al. 

2021 

Gravettian 5 Bone Wk-31089 24183 161 
Min. age ï 

low collagen 
Tàtà et al. 2014 

Gravettian 5 Patella OxA-25710 25050 100 Calcite Tàtà et al. 2014 

Gravettian 5 Pecten Wk-32145 25181 293 
Min. age ï 

burnt 
Tàtà et al. 2014 

Gravettian 5 Patella Wk-30677 25196 103 Calcite Tàtà et al. 2014 

Gravettian 5 Patella Wk-30679 25317 99 Calcite Tàtà et al. 2014 

Gravettian 5 Charcoal Wk-26801 27720 370  Tàtà et al. 2014 

Gravettian 5 Patella Wk-30677.2 22235 173 Aragonite Tàtà et al. 2014 

Gravettian 5 Patella Wk-30679.2 25390 255 Aragonite Tàtà et al. 2014 

Early Gravettian 6 Patella Wk-30678 25579 98 Calcite Tàtà et al. 2014 

Early Gravettian 7 Nassarius Wk-35714 25964 110 Calcite Tàtà et al. 2014 

Early Gravettian 6 Pecten Wk-35712 26026 114  Tàtà et al. 2014 

Early Gravettian 6 Pecten Wk-35713 25930 122 Aragonite Tàtà et al. 2014 

Early Gravettian 7 Acanthocardia Wk-32147 27141 365 Aragonite Tàtà et al. 2014 

Early Gravettian 6 Charcoal Wk-35717 28012 192 Arbutus Tàtà et al. 2014 

Early Gravettian 6 Pecten Wk-32146 28321 422 Calcite Tàtà et al. 2014 

Early Gravettian 6 Pecten Wk-50396 41384 998  Tàtà et al. 2014 

Early Gravettian 7 Patella Wk-30676 24318 90 Calcite Tàtà et al. 2014 

Early Gravettian 7 Patella Wk-30676.2 26353 284 Aragonite Tàtà et al. 2014 

Early Gravettian 7 Pecten Wk-50394 26403 149  Tàtà et al. 2014 

Early Gravettian 8 Pecten Wk-50393 27349 172  Unpublished 
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2.3. MATERIALS AND METHODS 

We performed analysis and 14C dating on a total of 10 shell samples, collected from Layers 3 to 7 at the 

Terrace area of Vale Boi. Some of the samples were divided into several pieces to perform the different 

pretreatment methods. In addition to the shell samples, two bone samples from Layer 6 in the Terrace area 

of Vale Boi were dated.  

The bone samples were pretreated following the standard acid-base-acid method followed by ultrafiltration 

(Talamo et al. 2021; Talamo and Richards 2011) at the Department of Human Evolution at the Max Planck 

Institute for Evolutionary Anthropology (Leipzig, Germany). The Accelerator Mass Spectrometry (AMS) 

dates were obtained at the at the Klaus-Tschira AMS laboratory of the Curt-Engelhom-Centre for 

Achaeometry (CEZA; Mannheim, Germany).  

All selected shell samples were given the unique identifying BRAVHO lab number (BRA n°) and their 

stratigraphic position is shown in Figure 13. 

 

Figure 13. The samples used in this study shown as red dots in their sampling positions within each 

archeological layer in the Terrace area of the Vale Boi site.  
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2.3.1. SHELL PRETREATMENT METHODS 

The shell samples were pretreated using four different methods. Method A was based on a protocol 

routinely used in organic matrix extraction from modern coral and mollusk samples (Falini et al. 2013; 

Reggi et al. 2014). Method B was developed based on the routine collagen extraction protocol used in the 

BRAVHO 14C laboratory (Bologna Radiocarbon Laboratory Devoted to Human Evolution). Method C 

corresponds to the CarDS protocol (Douka et al. 2010a; Russo et al. 2010) and Method D to the standard 

acid etching pretreatment used in most laboratories across the world (Dee et al. 2019). 

Method A - Organic matrix extraction via a dialysis process: The shell samples were first cleaned with a 

mechanical drill to remove any sediment that might have been adhered to the shell surface, after which they 

were further cleaned of impurities by leaving them in a 5 vol.% sodium hypochlorite solution overnight. 

This bleaching step is aimed at removing external organic matter from the sample, as it can be 

contaminating (Penkman et al. 2008). After these cleaning steps, the shells were rinsed in deionized water 

several times to wash off the sodium hypochlorite and any loose debris and left to air-dry before hand-

crushing them to powder in an agate mortar (Figure 14). Then the crushed shells were further crushed in an 

automatic mill to obtain a finer powder (Figure 14). The obtained powder was sieved with a 150 µm mesh 

stainless steel sieve (Figure 14), and 2.5 g of each sample were put into labelled glass tubes. The powdered 

samples were once again left in 5 vol.% sodium hypochlorite solution overnight for a thorough removal of 

non-intracrystalline organic material, rinsed three times with deionized water and dried out in the oven for 

two days at 60 °C. The powder was then transferred into regenerated cellulose membranes for dialysis 

(MWCO = 3.5 kDa) and dispersed with 5 ml of deionized water. The sealed membranes were then put into 

1 L of a 0.1 M CH3COOH solution under stirring (Figure 15). The solution was changed every five days 

until the samples were decalcified, subsequently it was replaced by deionized water to reach a pH value of 

around 6. The obtained dispersion containing organic matter was centrifuged at 3500 rpm (2301 x g) for 5 

min to separate the soluble (liquid) and insoluble (solid) fractions. Both fractions were then lyophilized and 

weighed. 

Method B - Organic matrix extraction (as for collagen extraction): After an initial mechanical cleaning of 

the shell surface, the samples were ground to a fine powder and sieved in a stainless steel 150 µm mesh as 

described for Method A. The powder was then inserted into labelled test tubes together with a defined 

volume of a 0.5 M HCl solution. The solution was periodically changed until the powder stopped producing 

effervescence. Then, the acid was pipetted away, and the samples were washed in deionized water three 

times before proceeding with another 15 min HCl (0.5 M) step. Then the samples were washed in deionized 

water three times again before being put in a pH 3 (0.001 M) HCl solution in a heater block at 70 °C 
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overnight. After taking the samples out of the heater block and letting them cool down, each sample was 

filtered using an Elkey labs Eeze filter, to separate the soluble and insoluble fractions and transferred into 

glass vials to be frozen and lyophilized. This method was based on (Talamo et al. 2021), with modifications 

to account for the different material types. Alternatively, centrifugation can also be used to separate the two 

fractions, as described for Method A. As opposed to Method A, the soluble fraction is mostly lost during 

pretreatment in this case as it is not protected by the dialysis membrane. 

 

Figure 14. (a) Shell specimen before cleaning, front (top) and back (bottom); (b) roughly crushed sample 

after cleaning; (c) automatic mill used to crush the samples into fine powder; (d) the sieve used to obtain a 

homogeneous powder seen in the mortar underneath. 
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Method C - Carbonate Density Separation (CarDS): After the initial mechanical cleaning steps, the shells 

were soaked in a 50 % NaOH solution overnight to remove the external organic protein fraction. The 

samples were then ground to a fine powder and sieved with a 150 µm mesh stainless steel sieve as for the 

previous methods. An Xïray Diffraction (XRD) analysis was performed on the powder to identify the 

proportions of aragonite and calcite before proceeding with the separation protocol. A portion of 100 ï 800 

mg of powder was then inserted into a 10 ml test tube where 4 ml of 99 % bromoform solution and 250 ï 

350 µl of toluene were added. The mixture was then centrifuged for 20 min at 3500 rpm to separate the two 

polymorphs. The supernatant (presumable calcite) fraction was carefully pipetted into another glass tube, 

and both fractions were washed in dichloromethane and deionized water before freezing and lyophilization. 

This method was based on previous work by different authors (Douka et al. 2010a; Russo et al. 2010). 

Method D ï Acid etching: This pretreatment consisted of mechanical surface cleaning followed by an acid 

etching of the shell surface to remove the outermost layer. In the case of the shells used for these 

experiments, the etching duration was from 3 to 5 minutes. The shells were then ground into a fine powder 

and sieved with a stainless steel 150 µm mesh as for the other methods. The obtained powders were then 

sent for AMS dating. For this method, we followed the protocol described in (Dee et al. 2019). 

 

Figure 15. (a) dialysis membrane with the shell powder and deionized water; (b) inserted into 1000 ml of 

acetic acid and (c) put under stirring with a magnetic stirrer. 
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2.3.2. X-RAY DIFFRACTION (XRD) ANALYSES 

For samples prepared using the Method C it was necessary to perform X-ray powder Diffraction analyses 

of the powdered shell material. All the analyses were performed using a PANalytical X'Pert Pro MRD X-

ray diffractometer (Figure 16). This allowed to detect the presence and the relative content of calcite and 

aragonite before the pretreatment was performed and after, to see if the mineral phase separation was 

successful. Furthermore, XRD patterns were collected on all samples after the pretreatment was finished. 

For Method A and B, it was done to check if there was any mineral left in the extracted organic matrix, for 

method C to verify that the calcite-aragonite separation was complete and for Method D to have information 

on the composition of the powder, which could help to interpret the 14C date or the potential differences in 

age among specimens. The raw XRD pattern files have been processed using the Profex 4.3.2a software 

(Döbelin and Kleeberg 2015) to determine the phases present in the powders (i.e., presence of 

aragonite/calcite) and their relative quantity. 

Figure 16. (a) XôPert PRO X-ray diffractometer with (b) the X-ray tube (left) and detector (right) 

goniometers with a glass plate holding the sample powder (center) and (c) the raw XRD pattern file output. 
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2.3.2.1. BASIC NOTIONS FOR THE XRD GRAPH CREATION AND 

INTERPRETATIONS 

After opening a raw scan file, we can search for the different phases we expect to find in our material, by 

selecting them from the reference materials database and adding them to the control file. When we are 

satisfied with the added phases, we can proceed to run the refinement using these selected reference phases. 

Once the refinement is complete, we can observe parameters such as the reference material peak positions 

shown as different colored tacks at the top of the graph (Figure 17), with each color representing one of the 

reference materials we searched for (In our case aragonite, calcite, and in some cases quartz). The peak 

positions let us identify the phases present in our measured material. The typical Profex software output 

graphs show us several different variables. Some of the important parameters shown are the observed, 

calculated, background, and difference patterns given by the software by default in black, red, blue, and 

gray color respectively (Figure 17). Usually, the observed, and calculated patterns should overlap, with the 

only difference being that the calculated result is smoother compared to the observed diffraction values, 

which represent the actual measured pattern of our material. On the other hand, the difference pattern in 

gray, shown at the bottom of each graph represents the difference between the observed, measured pattern 

and the calculated pattern which shows the peaks of our selected target phases (Figure 17). Ideally, the 

difference should only show background noise, with no significant peaks. We can have some difference 

showing based on the shape and intensity of the peaks, which can indicate a slightly different chemical 

composition than that of the reference material, or an alteration of the crystalline structure. If the difference 

is very high or showing peaks in positions other than our target phases, we can suppose that there is an 

additional phase present in our sample which we didnôt include in the search. If there are no crystalline 

phases present in the material we are analyzing, such as in the case of organic matter, there will be no peaks 

present in the pattern, and often we will see a bulge formed at the beginning of the graph, which can also 

happen in case our material is scarce or not well distributed on the glass slide inserted into the XRD 

machine. In these cases, we can see the diffraction of the glass slide itself, which is amorphous. If we search 

our phases in these patterns, the program will give us a result indicating the relative proportions of the target 

phases. These results will not be very accurate since they indicate the proportions of the crystalline phases 

only, which in these cases are only present in traces. 

  



74 

 

 

Figure 17. Profex 4.3.2a software interface showing the refinement file of a powder mixture of aragonite 

and calcite, showing the observed, calculated, background, and difference patterns along with the two target 

phases. The statistical parameters showing the degree of agreement to the reference database are shown on 

the bottom left and the chemical composition in percentages of the two phases is shown on the bottom right. 
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2.3.3. GRAPHITIZATION AND CO2 AMS DATES 

All shell samples were sent to the ETH laboratory in Zurich, Switzerland for AMS dating in the ETH 

MICADAS (Mini Radiocarbon Dating System, (Wacker et al. 2010). In the case of samples from Method 

A and B with a very low weight yield, CO2 extraction was performed before injecting it into the AMS 

system (Fewlass et al. 2019; Wacker et al. 2013). For the organic matter extracted with methods A and B 

with a sufficient weight yield, the analysis was set up as for other organic samples (i.e., collagen and 

cellulose) with graphitization of the samples at the BRAVHO laboratory of the University of Bologna, and 

the pressing of the obtained graphite into AMS targets (sample holders; Tassoni et al. 2023). To be able to 

convert CO2 to graphite in the AGE III graphitization system we need iron as catalyst, which results in a 

mixture of graphite and iron (more iron than graphite) in the target. In the ion source of the AMS a cesium 

beam is directed to the target creating carbon ions, and this process is diluted by the iron present in the 

target. The more iron is present, the lower the ion yield and thus the current will be. In the AGE, 

graphitization requires at least 3 mg of Fe for 1 mg of C. If the sample contains less than 1mg of C, the ratio 

of Fe:C will increase, so current will decrease.  Thus, for four of the samples with lower weight yields, only 

2mg of Fe was used during graphitization in order to allow for sufficient AMS ion current. Furthermore, 

samples of oxalic acid were graphitized with all the shell samples with the according iron amounts. Finally, 

for the carbonate fractions treated with Methods C and D the samples were sent directly to the ETH in gas 

chromatography (GC) vials to be dated. For all samples dated, phthalic acid blanks graphitized in the 

BRAVHO laboratory were included in order to correct the resulting ages. 

2.3.4. TWO PRETREATMENT STEPS 

All four methods were tested on modern shell specimens to help evaluate the materials and time needed for 

each method and the quantity of sample material resulting from the different methods. Moreover, for the 

organic matrix samples resulting from methods A and B, a graphitization test at the BRAVHO lab, in 

Bologna, was performed to measure the average carbon content and estimate the amount of sample needed 

in case of archeological samples, as well as to adjust the amount of Fe for graphitization if needed. 
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2.3.4.1. STEP 1 ï MODERN SPECIMENS 

The first step aimed to establish the protocols for each method and was completed using modern specimens 

of four different species of shells: Pecten maximus; Crassostrea gigas; Mytilus sp.; Ruditapes 

philippinarum (Table 3). The initial experiments in this step served as a trial for the application of the four 

different methods: Method A, B, C and D summarized in Figure 18.  

 

Figure 18: Summary and comparison of the four methods tested, with red crosses for steps not performed.  
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Table 3. Information on the Modern samples used in the experiments. The end weight is shown as the 

Soluble/Insoluble fraction for Methods A and B, and as Aragonite/Calcite for Method C. 

Experimantal Step 1 - Modern specimens 

BRAVHO 

lab code 
Species 

Area of 

origin  
Method 

Start 

weight 

(mg) 

End weight (mg) 

Comment Soluble/ 

Aragonite 

Insoluble

/Calcite 

BRA 5070.1 R. philippinarum Chioggia A 2522 0.5 1.1  

BRA 5071.1 R. philippinarum Chioggia A 2638 0.9 18.4  

BRA 5072.1 C. gigas St. Antioco A 2562 29.6 3.5  

BRA 5104 P. maximus N. Atlantic A 2486 1.1 6.1  

BRA 5070.2 R. philippinarum Chioggia A 2594 0.8 50.2  

BRA 5071.2 R. philippinarum Chioggia A 2391 0.5 1.8  

BRA 5072.2 C. gigas St. Antioco A 2533 2.1 2.2  

BRA 5200.1 Mytilus sp. Chioggia A 2497 1.6 1.8 
Cleaning step 

in fridge 

BRA 5200.2 Mytilus sp. Chioggia A 2686 0.3 2.6 
Cleaning step 

at RT 

BRA 5194.1 Mytilus sp. Chioggia A 2645 1.2 6.5 
Cleaning step 

in fridge 

BRA 5194.2 Mytilus sp. Chioggia A 2977 0.2 3.0 
Cleaning step 

at RT 

BRA 5211 Mytilus sp. Chioggia A 7242 3.4 19.1 
Whole shell 

used - fridge 

BRA 5191 Mytilus sp. Chioggia A 5141 1.8 4.6 
Whole shell 

used - fridge 

BRA 5201 Mytilus sp. Chioggia B 6913 3.1 77.1  

BRA 5193 Mytilus sp. Chioggia B 4896 1.9 53.9  

BRA 5200 Mytilus sp. Chioggia B 290 0.5 0.6 

Sticky 

material not 

usable 

BRA 5200 Mytilus sp. Chioggia C 574 102.3 164.2  

BRA 5194 Mytilus sp. Chioggia C 466 37.3 292.1  

BRA 5196 Mytilus sp. Chioggia C 2012 
498 + 

457.7 
604.1 

Two 

separations 

done 

BRA 5192 Mytilus sp. Chioggia C 2220 
845.2 + 

33.1 
926.0 

Two 

separations 

done 

BRA 5200 Mytilus sp. Chioggia D 290 90.0 <3min 

BRA 5192 Mytilus sp. Chioggia D 2615 1409.0 <3min 

BRA 5196 Mytilus sp. Chioggia D 2676 910.0 5min 
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Method A - The first experiments using Method A were performed on modern specimens of R. 

philippinarum, C. gigas, Mytilus sp. and P. maximus and were repeated to verify reproducibility. These 

species were selected based on their occurrence in archeological sites and the easy access to modern 

specimens of each species. Two experiments were performed to improve the method. First, an experiment 

using the parameters from the original protocol was performed, and secondly the sample treatment with 

sodium hypochlorite was done in the fridge and at room temperature, to determine if it influences the weight 

yield. Furthermore, different initial amounts of powdered shells were used to determine the best option for 

an optimal extraction of the organic matrix. 

Method B ï As for Method A, different initial amounts of powdered shells were used during the initial tests 

for Method B. The tests performed on modern shells using Method B resulted in higher weight yields 

compared to Method A, especially for the insoluble fraction. However, the dissolution of the carbonates 

took longer to complete even with frequent acid changes. This was probably due to the dissolution in test 

tubes as opposed to Method A, where the dissolution was performed in dialysis membranes inside large 

beakers. 

Method C - Before applying Method C to modern shells, a test with pure aragonite and pure calcite powders 

(99 %) was performed to evaluate the quantity of toluene needed in the intermediate density solution for 

the separation to be successful. In the first part of this experiment, three subsamples of pure aragonite and 

three subsamples of pure calcite were used with different amounts of toluene added to the powders. This 

was done to ascertain that calcite will float in the intermediate density solution, and aragonite will deposit. 

Russo and colleagues (Russo et al. 2010) used a range from 250 to 350 µl of toluene and 4 ml of 99 % 

bromoform solution for this method. In the initial experiment, three quantities from this range were used: 

250, 300 and 350 µl. Subsequently, the pure polymorph powders were mixed in three subsamples with 

around 20 % of aragonite and 80 % of calcite to see if the method was still successful with a mixed sample. 

These mixed subsamples were treated with the same three toluene quantities as for the previous step. 

Modern specimens of Mytilus sp. were also used to verify the efficacy of Method C since this species 

naturally presents both calcite and aragonite.  

Method D ï The tests on modern specimens performed using Method D served to determine the time 

necessary to remove the outer portion of the shell, without losing too much material. Three samples, two 

of which had a similar initial weight were put in acid simultaneously. The smallest sample had to be taken 

out and washed after just over two minutes to avoid losing the entire sample. Right after that, one of the 

other two samples was also taken out, while the other was left in the acid for 5 minutes to see the difference 
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in weight yield. For archeological samples, it will be necessary to observe each sample and monitor the rate 

of dissolution to be able to take them out of acid before losing the sample. 

 

2.3.4.2. STEP 2 ï ARCHEOLOGICAL SPECIMENS 

The second step aimed to apply the four different methods to specimens from the Terrace area of the 

archeological site of Vale Boi. The selected samples in this context were Crassostrea sp. and Pecten sp. 

(Table 4), as these were the only two species present in different archeological layers with enough material 

to be used for four different pretreatment methods.  

These specimens were selected based on their weight since the goal was to perform the different methods 

on the same specimen when possible. In case enough material from the same specimen was not available 

for all the methods, we selected a specimen from the same layer and same species to be able to compare 

the 14C dates resulting from the different methods. 
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Table 4. Information on the Archeological samples used in the experiments. The end weight is shown as 

the Soluble/Insoluble fraction for Methods A and B, and as Aragonite/Calcite for Method C. 

Experimantal Step 2 - Archeological specimens from Vale Boi (Portugal) 

BRAVHO lab 

code 
Species Method  SU 

Start 

weight 

(mg) 

End weight (mg) 

Soluble/Aragonite Insoluble/Calcite 

BRA 4930 Crassostrea sp. A 3 6609 4.2 14.1 

BRA 4942 P. maximus A 4 7430 2.6 56.4 

BRA 4946 P. maximus A 5 1582 1.6 3.7 

BRA 4952 P. maximus A 6 4527 1.9 6.7 

BRA 4957 P. maximus A 7 2861 2.3 20.8 

BRA 4930 Crassostrea sp. B 3 6385 1.7 47.8 

BRA 4938 P. maximus B 4 5577 2.0 31.2 

BRA 4946 P. maximus B 5 1546 0.6 2.0 

BRA 4952 P. maximus B 6 4514 1.9 20.6 

BRA 4956 P. maximus B 7 2413 1.8 33.9 

BRA 4931 Crassostrea sp. C 3 761 0.0 572.4 

BRA 4943 P. maximus C 4 886 131.9 454.2 

BRA 4946 P. maximus C 5 262 32.0 99.3 

BRA 4952 P. maximus C 6 431 343.8 0.0 

BRA 4957 P. maximus C 7 235 43.8 97.3 

BRA 4931 Crassostrea sp. D 3 724 134.0 

BRA 4936 P. maximus D 4 2285 1107.0 

BRA 4946 P. maximus D 5 294 155.7 

BRA 4952 P. maximus D 6 415 119.9 

BRA 4957 P. maximus D 7 205 25.1 
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2.3.5. PYROLYSIS - GAS CHROMATOGRAPHY - MASS SPECTROMETRY (PY ï 

GC - MS) 

Analytical pyrolysis is a powerful technique capable to provide chemical information of the organic matter 

at a molecular level. The use of Py-GC-MS to characterize the chemical composition of natural organic 

matter has been reported in studies related to differences in 14C ages (Ferro-Vázquez et al. 2019). 

Furthermore, Py-GC-MS was used to identify possible changes in the composition of fresh mussels (M. 

galloprovincialis) after exposure to cyanotoxins (Diez-Quijada et al. 2020). Analytical pyrolysis has also 

been applied to the characterization of the intra-skeletal organic matrix in hard corals (Adamiano et al. 

2014). 

For this study, analyses by Py-GC-MS were performed in order to determine if the insoluble materials 

extracted with Methods A and B were consistent to the chemical characteristics of the organic matrix of the 

shell and checking for the occurrence of any external material in the samples. Py-GC-MS analysis was 

performed using an EGA/PY-3030D micro-furnace pyrolyser (Frontier Laboratories Ltd., Japan) coupled 

with a 7890 Agilent HP gas chromatograph (GC) connected to a 5977 Agilent HP quadrupole mass 

spectrometer (MS) (Agilent Technologies, USA; Figure 19). A small crucible capsule containing weighed 

shell sample (2-4 mg) was introduced into the furnace and then pyrolyzed at 600 °C for 100 s using helium 

as carrier gas (1 mL min-1) and an interface temperature of 280 °C. The evolved gases were then directly 

injected into the GC-MS for analysis. The GC injector was operated in split mode with a 10:1 ratio at 280 

°C. Pyrolysis products were separated by a HP-5MS fused silica capillary column (stationary phase 

poly[5% diphenyl/95% dimethyl]siloxane, 30 m Ĭ 0.25 mm i.d., 0.25 ɛm film thickness, Agilent 

Technologies, USA) with the following temperature program: 50 °C to 300 °C at 10 °C min-1, then hold for 

10 min at 300 °C, using helium as carrier gas (1 mL min-1). The MS was operated in EI positive mode 

(70eV, scanning 45ï500 m/z) with transfer line temperature 250 °C, ion source temperature 230 °C and 

quadrupole temperature 150 °C. Tentative identification of the pyrolysis products was performed by 

comparison with MS library and published studies. 
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Figure 19. (a) The Py ï GC ï MS coupling setup; (b) a close-up view of the pyrolizer column where the 

(c) sample capsule is inserted. 
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2.4. RESULTS 

In terms of complexity, time and equipment required for performing the methods, the simplest and quickest 

of the methods performed was Method D. Methods A and B required the longest time to complete, however 

the procedures were relatively simple. Method C on the other hand, was the most complicated to perform 

successfully and it required working with bromoform and toluene, both highly hazardous substances. 

2.4.1. WEIGHT YIELDS 

The final weight of all samples pretreated using the four selected methods is shown in Table 3 and 4. All 

four methods lead to the reduction of the initial sample weight, resulting in weights ranging from 0.1 wt.% 

to 81.3 wt.% of the initial sample weight (Table 5). The most substantial loss of material was seen in the 

case of Methods A and B, as for both methods only the organic matter was extracted, dissolving the 

carbonate fraction entirely. The resulting organic fraction ranged from a minimum of 0.1 wt.% to a 

maximum of 2.0 wt.% of the initial shell weight, with the mean value of 0.4 wt.% for modern shells and 

0.5 wt.% for archeological shells for Method A, and: 0.9 wt.% and 0.7 wt.% for modern and archeological 

shells respectively for Method B. Considering that the organic matter content in mollusk shells makes up 

for 0.01 - 5% of the shell weight (Berger et al. 1964; Hadden et al. 2018; Hadden et al. 2019; Marin et al. 

2012), and that the different steps of all pretreatment procedures entail some loss of material, it was 

expected to obtain such low values. Furthermore, the archeological shells on average show slightly lower 

yields, which is also expected due to degradation of the sample through time, even though the organic 

matrix in the shell is considered to remain well preserved (Berger et al. 1964). The difference in yield 

between the two methods could be due to a better dissolution in Method A of the carbonate fraction. A 

higher proportion of soluble organic matter is maintained in the sample due to the use of the dialysis 

technique as opposed to direct dissolution used in Method B, which causes most of the soluble fraction to 

be lost during pretreatment. For methods C and D, the carbonate fraction is used, thus resulting in a higher 

weight yield after pretreatment (from 12.2 wt.% to 81.3 wt.% of the initial weight). The mean weight yield 

for Method C was 69 wt. % for modern shells, and 66.3 wt.% for archeological shells, while for Method D 

the mean values were 39.6 wt.% and 32.2 wt.% for modern and archeological shells respectively. In the 

case of Method C, the material lost is mostly due to the various steps of pretreatment, as this method doesnôt 

imply the use of acid to dissolve the shell. This explains the yield difference between Methods C and D 

since the latter uses an acid to purposefully dissolve the outer portion of the shell. As the authors of Method 

C (Douka et al. 2010a) also stated, the loss of material using acid etching usually varies from 30 to 80% of 

the initial weight. As for the first two methods, the yield is slightly lower for archeological shells, as the 

partially degraded material is more reactive.   
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Table 5. Weight yields for all four methods, and for modern and archeological samples. 

Modern specimens Archeological specimens 

BRAVHO lab 

code 
Method 

Yield (wt.% of 

initial weight)  

BRAVHO 

lab code 
Method 

Yield (wt.% of 

initial weight)  
 

BRA 5070.1 A 0.1 BRA 4930 A 0.3  

BRA 5071.1 A 0.7 BRA 4942 A 0.8  

BRA 5072.1 A 1.3 BRA 4946 A 0.3  

BRA 5104 A 0.3 BRA 4952 A 0.2  

BRA 5070.2 A 2.0 BRA 4957 A 0.8  

BRA 5071.2 A 0.1 BRA 4930 B 0.8  

BRA 5072.2 A 0.2 BRA 4938 B 0.6  

BRA 5200.1 A 0.1 BRA 4946 B 0.2  

BRA 5200.2 A 0.1 BRA 4952 B 0.5  

BRA 5194.1 A 0.3 BRA 4956 B 1.5  

BRA 5194.2 A 0.1 BRA 4931 C 75.2  

BRA 5211 A 0.3 BRA 4943 C 66.2  

BRA 5191 A 0.1 BRA 4946 C 50.1  

BRA 5201 B 1.2 BRA 4952 C 79.7  

BRA 5193 B 1.1 BRA 4957 C 60.1  

BRA 5200 B 0.4 BRA 4931 D 18.5  

BRA 5200 C 46.4 BRA 4936 D 48.4  

BRA 5194 C 70.7 BRA 4946 D 53.0  

BRA 5196 C 77.5 BRA 4952 D 28.9  

BRA 5192 C 81.3 BRA 4957 D 12.2  

BRA 5200 D 31.0 
   

 

BRA 5192 D 53.9 
   

 

BRA 5196 D 34.0 
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2.4.2. XRD ANALYSES 

For Methods A and B, the XRD analysis was performed after pretreatment on both the soluble and insoluble 

fractions. The results obtained were in line with the expectations, as the soluble organic matrix fraction did 

not contain any carbonates, while the insoluble one had traces of carbonates in some cases where the 

dissolution was not complete, as well as traces of quartz in some other cases (Figure 20). Presumably the 

traces of quartz derive from contamination in the seashells.  

Method A results in two fractions of organic matter: Soluble and Insoluble. We performed XRD scans of 

both the fractions extracted. We expected to find no peaks for the soluble fraction, as all the carbonates 

should be dissolved leaving a fully amorphous organic fraction. In the insoluble fraction it was still possible 

to see some leftover carbonates, and thus the corresponding peaks as well. In most cases this was found to 

be true, but for some samples the dissolution was complete and even in the insoluble fraction there were no 

peaks present. In cases of amorphous samples, the scale of intensity is much lower compared to that of 

partially crystalline samples as the diffraction is barely present at all, thus eventual deviations from the 

background values might appear larger. 

In the case of sample BRA 5070.1, we found no significant peaks in either the soluble or the insoluble 

fraction indicating a complete dissolution of the carbonates (Figure 21). The bulging of the graphs, or 

deviation from the zero of the background value shows an amorphous nature of the sample. The difference 

values for these graphs are not high, although there are some unidentified peaks in both fractions which 

would require further investigation in case of archeological samples. 

 

Figure 20. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5070.1. 
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Sample 5070.2 is a good example of what our expectations for most samples was, which is to find the 

soluble fraction free of carbonates and thus free of peaks, and the insoluble fraction still containing some 

(Figure 21). In this case we have some aragonite left in the insoluble fraction of the organic matrix as shown 

by the turquoise-colored peaks, in correspondence with the turquoise reference points shown at the top of 

the graph representing the typical peak positions of reference aragonite. In this sample the difference is very 

low so we can assume to have discovered all present phases in these samples. 

 

Figure 21. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5070.2. 

 

Sample 5071.1 is another good example of what our expectations for most samples was. In this case, as the 

previous one we have some aragonite left in the insoluble fraction of the organic matrix (Figure 22). The 

difference from BRA 5070.2 is that in this case our Insoluble fraction shows to be more amorphous, which 

is evidenced by the bulging in the first part of the graph, like in the soluble fraction graph. 
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Figure 22. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5071.1. 

 

Consistently to sample BRA 5070.1 where we found no peaks in either fraction, sample BRA 5071.2 shows 

the same situation with no peaks and a completely amorphous insoluble and soluble fraction, showing very 

similar graphs both in scale and in shape (Figure 23). 

Figure 23. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5071.2. 
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Sample BRA 5072.1 contains a crystalline phase in the insoluble fraction as evidenced by the presence of 

an intense and several lesser peaks corresponding to reference peaks of quartz (shown in violet, Figure 24). 

There is a slight difference corresponding to the quartz peaks indicating minor deviations from the reference 

peaks in terms of shape and intensity. The presence of quartz could be the remnants of the agate mortar and 

pestle that was used to crush the shells. In the soluble fraction we have an unidentified peak present at the 

diffraction angle of 32°2ɗ, which is also seen in the difference portion of the graph. This would require 

further investigation in case of archeological samples as it might indicate the presence of another phase in 

the sample. However, given the low intensity of this peak it should not affect the further analysis of the 

sample. 

Figure 24. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5072.1. 

 

Sample BRA 5072.2 shows two very similar graphs for both fractions, presenting amorphous with the 

presence of quartz peaks in both fractions (Figure 25). A small unidentified peak around the diffraction 

angle of 32°2ɗ is seen, which corresponds to the unidentified peak positions found in previous samples 

which are also present at that position and of similar intensity. 
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Figure 25. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5072.2. 

 

Like sample BRA 5072.1, sample BRA 5104 has a small quartz fraction present, slightly deviating from 

the reference quartz as seen in the difference pattern (Figure 26). In the soluble fraction we have no peaks 

present indicating a completely amorphous sample, as was expected. 

Figure 26. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5104. 
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Sample BRA 5191 shows several low intensity peaks in the insoluble fraction, some of which are 

unidentified and shown in the difference portion of the graph (Figure 27). Only the peak present at a 

diffraction angle 23°2ɗ could be relevant in the case of archeological samples. The soluble fraction shows 

a completely amorphous phase with no relevant peaks present. 

Figure 27. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5191. 

 

Sample BRA 5211 also shows several unidentified low intensity peaks in the insoluble fraction (Figure 28). 

As for BRA 5191 only the peak present at a diffraction angle 23°2ɗ could be relevant in the case of 

archeological samples. The only other peak present was identified as quartz. The soluble fraction once again 

shows a completely amorphous phase with no relevant peaks present. 

Figure 28. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5211. 
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Sample BRA 5200 was split into two subsamples to be treated with a 5% Hypochlorite solution in the fridge 

and at room temperature to see if there is any difference in the results. For sample BRA 5200.1 treated in 

the fridge, both fractions are amorphous with no significant peaks showing (Figure 29). 

Figure 29. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5200.1. 

 

Sample BRA 5200.2 treated with a 5% Hypochlorite solution at room temperature, also shows both 

fractions as amorphous (Figure 30). However, in this case as opposed to the sample treated in the fridge, 

we can see some low intensity peaks in both fractions, several of which are unidentified and would need 

further investigation if present in archeological samples destined for radiocarbon dating. 

Figure 30. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5200.2. 
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As for sample BRA 5200, sample BRA 5194 was also split in two subsamples and treated with a 5% 

Hypochlorite solution in the fridge and at room temperature. Sample BRA 5194.1 treated in the fridge 

shows presence of calcite in the insoluble fraction and some traces of quartz, and the soluble fraction is 

shown as amorphous with no significant peaks showing (Figure 31). 

Figure 31. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5194.1. 

 

Sample BRA 5194.1 treated at room temperature shows presence of quartz in the insoluble fraction, and 

the soluble fraction is shown as amorphous with no significant peaks showing (Figure 32). However, we 

see a low intensity unidentified peak around the diffraction angle of 32°2ɗ as in some previously analyzed 

samples. 

Figure 32. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5194.2.  
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The two graphs in Figure 33 show the insoluble fraction on the left and the soluble fraction on the right, 

extracted from all modern samples treated with Method B. These graphs do not show all the parameters 

shown in the single sample graphs, since the refinement is not shown in graphs with multiple samples. 

However, in this case, we can clearly see that none of these samples present any significant peaks and are 

amorphous in both their insoluble and soluble fractions. In the insoluble fraction of sample BRA 5193 we 

can see a small quartz peak around the diffraction angle of 26°2ɗ, and for sample BRA 5200 we can see a 

small peak around the diffraction angle of 32°2ɗ which is an unidentified phase present in some samples 

treated with Method A as well. The soluble fraction extracted from sample BRA 5200 was insufficient to 

perform XRD analysis and is thus missing from the graph. 

 

Figure 33. XRD graphs of the insoluble and soluble fractions extracted from all modern samples treated 

with Method B. 

 

All toluene volumes used in this experiment were successful in making the pure aragonite deposit and the 

pure calcite float (Figure 34). The separation seemed successful once again with mixed calcite and aragonite 

samples, as there was a clear separation of the floating and the deposited fraction. However, the XRD 

analysis of the separated fractions showed that the separation was not complete. Both the aragonitic and 

calcite fractions presented a small amount of the other polymorph (Table 6).  
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Figure 34. Top row: Pure aragonite powders; Bottom row: Pure calcite powders; Both in three different 

intermediate density solutions using 250, 300, and 350 µl of toluene in 4ml of bromoform (left to right). 

Table 6. Percentages of calcite and aragonite after the application of Method C on three identical mixtures 

of pure powders 

Initial proportions: 80% 20% 

Separated fraction Toluene used (µl) Calcite (%) Aragonite (%) 

Aragonite  250 28.3 71.7 

Aragonite  300 19.0 81.0 

Aragonite  350 44.9 55.1 

Calcite 250 74.6 25.4 

Calcite 300 84.3 15.8 

Calcite 350 91.5 8.5 
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The X-ray diffraction patterns from powders obtained from the Method C test (initial proportions: 80 wt.% 

calcite / 20 wt.% aragonite), which was applied using the lowest volume of toluene (250 µl in the 4 ml 

bromoform solution) producing an intermediate density solution, showed in the ñaragonite fractionò 71.7 

wt.% of aragonite and 28.3 wt.% of calcite, while in the ñcalcite fractionò it showed 74.61 wt.% of calcite 

and 25.39 wt.% of aragonite (Table 6). Even though the aragonite fraction did contain mostly aragonite, 

and the calcite fraction mostly calcite, the separation was not complete as evidenced by the presence of 

both aragonite and calcite peaks in the XRD graphs of both fractions (Figure 35). 

Figure 35. The aragonite and calcite fractions after the application of Method C using 250µl of toluene. 
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Using the intermediate toluene volume of 300 Õl, in the resulting ñaragonite fractionò we measured 81 wt.% 

of aragonite and 19 wt.% of calcite, while the ñcalcite fractionò contained 84.25 wt.% of calcite and 15.75 

wt.% of aragonite. As in the previous case, the separation was not complete, and we found both calcite and 

aragonite peaks in both XRD graphs (Figure 36). However, using this volume of toluene caused a better 

separation compared to the previous one.  

Figure 36. The aragonite and calcite fractions after the application of Method C using 300µl of toluene.  

 

Finally, using the highest toluene volume from the test range (350 Õl) the ñaragonite fractionò contained 

55.11 wt.% of aragonite and 44.89 wt.% of calcite, and the ñcalcite fractionò contained 91.46 wt.% of 

calcite and 8.54 wt.% of aragonite. This volume of toluene was more useful to purify the calcite fraction 

compared to the aragonite one, which still contained a high proportion of calcite after separation (44.89% 

calcite; Figure 37). This test demonstrated that a complete separation of pure aragonite and calcite powders 

after the application of Method C was not achieved, even though the separation of the two fractions after 

centrifugation appeared complete using all three concentrations (Figure 38). There was a clear difference 

in the efficiency of the three toluene quantities tested, with the most efficient option being the intermediate 

volume of 300 µl when considering both fractions, as was stated by Russo et al. (2010). 
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Figure 37. The aragonite and calcite fractions after the application of Method C using 350µl of toluene. 

 

 

 

Figure 38: Three identical mixtures of 20% pure aragonite and 80% pure calcite powders in the three 

different intermediate density solutions using 250, 300, and 350 µl of Toluene in 4ml of Bromoform (from 

left to right). Blue arrows indicate the calcite fraction, and red arrows indicate the aragonite fraction. 
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All modern samples pretreated with Method C were made up mostly of calcite and only had a small fraction 

of aragonite (Table 7, Figure 39; 40).  

The graph in Figure 39 shows all modern samples before applying the pretreatment with Method C. These 

samples show the typical peaks of calcite and aragonite, and the relative proportions of the two phases in 

the whole shell, before separation are present in Table 7. 

Figure 39. XRD graphs of the modern shells before applying Method C. 

Since Method C results in two fractions, the results of the XRD scans after pretreatment are shown in two 

graphs, one of the calcite, and one of the aragonite fraction. The difference between calcite and aragonite 

fractions is visible from these graphs in Figure 40, as the peak intensities differ among them. However, the 

separation was unclear compared to the separation of the pure aragonite and pure calcite samples. It was 

difficult to separate the two phases, as there was an intermediate area where the phases seemed to be mixed. 

Therefore, for modern shells the separation was not complete resulting in ñaragoniteò fractions still 

containing from 39.06 to 88.44% of calcite, even after two separations (Table 7). In Figure 40 it is also 

visible that neither fraction is pure, as both calcite and aragonite peaks are present in both fractions 

demonstrating that the separation of calcite and aragonite was not complete. 
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Table 7. Percentages of calcite and aragonite before and after the application of Method C to modern shells. 

Whole ï percentages before separation; Aragonite/Calcite ï the two resulting fractions; Aragonite 2 ï 

resulting fraction after two centrifugations. 

Method C 

BRAVHO lab code Fraction Calcite (%) Aragonite (%) 

BRA 5200 Whole 63.69 35.79 

BRA 5200 Aragonite 50.21 49.79 

BRA 5200 Calcite 72.19 27.58 

BRA 5192 Whole 79.10 20.50 

BRA 5192 Aragonite 80.82 19.18 

BRA 5192 Calcite 85.60 14.09 

BRA 5192 Aragonite 2 88.44 11.39 

BRA 5196 Whole 84.74 15.20 

BRA 5196 Aragonite 87.81 11.97 

BRA 5196 Calcite 92.68 6.99 

BRA 5196 Aragonite 2 75.60 24.10 

BRA 5194 Whole 88.03 11.81 

BRA 5194 Aragonite 39.06 60.94 

BRA 5194 Calcite 92.62 7.27 

 

Figure 40. XRD graphs of the two resulting fractions of the modern shells after applying Method C. 
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The modern samples pretreated using Method D show a mixture of calcite and aragonite in similar 

proportions among all analyzed samples (Table 8, Figure 41). When comparing the graphs of the shell 

powder before pretreatment to the ones after pretreatment with Method D we can see not much has changed, 

even though there is a slightly higher proportion of calcite after the application of Method D. This could be 

due to the preferential dissolution of aragonite that was found to occur during the acid etching of shells 

(Vita Fanzi 1984)  

Table 8. Percentages of calcite and aragonite after the application of Method D on modern shells 

Method D  

BRAVHO lab code Calcite (%) Aragonite (%) 

BRA 5200 75.93 23.71 

BRA 5192 85.55 14.16 

BRA 5196 85.79 13.74 

 

Figure 41. XRD graphs of the modern shells after applying Method D. 
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The archeological samples showed similar XRD results with all pretreatments as the ones obtained from 

modern shells. Most samples pretreated with Methods A and B show traces of quartz in the insoluble 

fraction while the soluble fraction is amorphous with no significant peaks (Figure 42). Both fractions are 

shown at two different levels of intensity as the measurements were performed at two times, thus potentially 

resulting from a displacement of the glass plate in the XRD machine, or a different quantity of material 

being placed on the glass plate. Note that the intensity scale is different among the two graphs, so the 

difference between the two levels is roughly the same in both graphs. 

Figure 42. XRD graphs of the insoluble and soluble fractions extracted from the archeological shells 

using Method A and B. 

As for modern shells, we analyzed the archeological specimens with XRD before and after pretreatment 

with Method C (Figure 43 and 44). Before pretreatment all specimens showed mostly calcite, while sample 

BRA 4952 showed mostly aragonite (Table 9). 
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Figure 43. XRD graphs of the archeological shells before applying Method C. 

 

Figure 44. XRD graphs of the two resulting fractions of archeological shells after applying Method C.   
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The archeological samples pretreated with Method C, similarly to the modern specimens, were mostly made 

up of calcite and only had a small fraction of aragonite (Table 9; Figures 43 and 44). The only aragonite 

sample, containing over 90% of aragonite, was the archeological sample BRA 4952 (Table 9). In the case 

of archeological shells, all samples apart from BRA 4952 were over 99% calcite, thus we proceeded with 

a single separation to tentatively separate high Mg calcite (HMC) from low Mg calcite (LMC) in these 

samples, as was stated possible by the authors of the method (Douka et al. 2010a). Sample BRA 4952 

resulted in a slightly higher aragonite proportion than the whole sample (Table 9), while the calcite samples 

in some cases showed traces of aragonite that were not detected in the whole sample. Furthermore, we were 

unable to detect differences between the calcite before and after the separation in terms of Mg content. The 

XRD patterns showed lattice parameters that did not differ from one another indicating no differences in 

average Mg content (Figures 39; 40; 43 and 44). This method would be more useful and successful in cases 

where there is a relatively high proportion of both polymorphs and in cases when there are high variations 

in the Mg content in the shell. 

 

Table 9. Percentages of calcite and aragonite before and after the application of Method C to archeological 

shells. Whole ï percentages before separation; Aragonite/Calcite ï the two resulting fractions. 

Method C 

BRAVHO lab 

code 
Fraction 

Calcite 

(wt.%) 

Aragonite 

(wt.%) 

BRA 4931 Whole 99.06 0.00 

BRA 4931 Calcite 99.74 0.15 

BRA 4943 Whole 100.00 0.00 

BRA 4943 Calcite 99.47 0.40 

BRA 4943 Aragonite 99.83 0.17 

BRA 4946 Whole 99.98 0.00 

BRA 4946 Calcite 100.00 0.00 

BRA 4946 Aragonite 99.95 0.04 

BRA 4952 Whole 7.24 91.15 

BRA 4952 Aragonite 6.48 92.55 

BRA 4957 Whole 99.29 0.20 

BRA 4957 Calcite 99.11 0.00 

BRA 4957 Aragonite 99.77 0.00 
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Archeological samples treated with Method D showed similar proportions of calcite and aragonite before 

and after applying the protocol. Interestingly, archeological sample BRA 4952 contained a higher amount 

of aragonite in the portion pretreated with Method D compared to the portion pretreated with Method C.  

Furthermore, the results obtained from the XRD analysis revealed little to no change in the mineral phase 

composition in the carbonate samples pretreated for this study, which could indicate that the samples most 

likely have not been subjected to heavy recrystallization. However, to truly assess the preservation state of 

the shells, a simple polymorph determination is not enough, and should be combined with other tests such 

as microscopic examination of the crystalline structure, or the examination of the organic matter 

preservation (Guzmán et al. 2009; Perrin 2004; Toffolo 2021). Some of the differences in the XRD results 

could also be explained by differences in original polymorph proportions which can vary due to shell 

ontogeny and thickness, as well as due to the climatic and environmental conditions in which the mollusks 

secreted their exoskeletons. Moreover, the portions analyzed for each method were different fragments 

taken from the same shells, which may contain variable proportions of the two polymorphs. In order to 

avoid this in future experiments, the shells could be ground to powder whole and only then separated for 

pretreatment with the different methods. 
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2.4.3. RADIOCARBON AMS DATES 

2.4.3.1. SHELL DATES 

The radiocarbon ages of all the samples are shown in Table 10. All results are reported as uncalibrated dates 

and expressed in BP (years before 1950). Results from Method A and B were expected to overlap and 

mostly did so in Layers 3 and 4, while in Layers 5, 6 and 7 Method B resulted in even younger ages 

compared to Method A. In Layer 3 the carbonate fractions from Methods C and D overlap with the dates 

on the organic fraction from both Method A and B. However, for all the remaining layers, the carbonate 

fractions resulted in much older ages. 

Table 10. AMS results for all four methods performed on samples from 5 different layers of the Terrace 

area of the Vale Boi site. 

Method A Method B 

Layer Sample 14C y BP Error  Fraction Layer Sample 14C y BP Error  Fraction 

3 BRA-4930 5260 30 Insoluble 3 BRA-4930 5409 22 Insoluble 

3 BRA- 4930 3309 72 Soluble 4 BRA-4938 8275 23 Insoluble 

4 BRA-4942 8318 25 Insoluble 5 BRA-4946 5054 77 Insoluble 

4 BRA-4942 7704 93 Soluble 6 BRA-4952 8609 23 Insoluble 

5 BRA-4946 6781 87 Insoluble 7 BRA-4956 4555 21 Insoluble 

6 BRA-4952 15617 153 Soluble 7 BRA-4956 858 83 Soluble 

6 BRA-4952 12975 123 Insoluble      

7 BRA-4957 5428 21 Insoluble      

Method C Method D 

Layer Sample 14C y BP Error  Fraction Layer Sample 14C y BP Error  Fraction 

3 BRA-4931 4596 23 Calcite 3 BRA-4931 5522 24 Mix  

4 BRA-4943 25102 95 Aragonite 4 BRA-4936 22499 74 Mix  

4 BRA-4943 22266 70 Calcite 5 BRA-4946 20562 61 Mix  

5 BRA-4946 19153 54 Aragonite 6 BRA-4952 33416 240 Mix  

5 BRA-4946 18927 54 Calcite 7 BRA-4957 25091 96 Mix  

6 BRA-4952 27374 121 Aragonite      

7 BRA-4957 20839 62 Aragonite      

7 BRA-4957 20632 61 Calcite      
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Method A - The shells treated with Method A gave ages ranging from 15,617±153 to 3,309±72 BP. Both 

the insoluble and soluble fractions from Method A gave very young dates with no clear trend. Only three 

of the extracted soluble fractions resulted in enough material to obtain reliable radiocarbon measurements. 

In two cases, for samples BRA 4930 and BRA 4942, the soluble fraction was significantly younger than 

the insoluble fraction extracted from the same shell. On the other hand, the soluble fraction from sample 

BRA 4952 resulted significantly older than the insoluble fraction from the same shell. 

Method B - Method B gave similar results to those from Method A, giving even younger ages ranging from 

8,609±23 to 858±83 BP. This method resulted only in insoluble fractions, with one exception, as the soluble 

fractions were mostly lost during pretreatment. The only sample resulting in enough soluble organic matrix 

to be dated was BRA 4956 from Layer 7, and it was an outlier with an extremely young age of 858±83 BP.  

Method C - The radiocarbon ages resulting from shells treated with Method C ranged from 27,374±121 to 

4,596±23 BP. The aragonite fractions were consistently older compared to the calcite fractions resulting 

from the same shell even though the differences were not substantial in two out of three cases resulting in 

226- and 207-years difference in Layers 5 and 7, BRA 4946 and BRA 4957 respectively. The only major 

difference between the calcite and aragonite fractions was 2,836 years in sample BRA 4943 from Layer 4. 

Method D - Method D resulted in an age range from 33,416±240 to 5,522±24 BP. The age obtained for 

sample BRA 4931 from Layer 3 is similar to the results for this Layer obtained by the other methods. In 

Layer 4, the age obtained for sample BRA 4936 was close to the age obtained from Method C for the calcite 

fraction of sample BRA 4943 from the same Layer, while resulting significantly younger than the aragonite 

fraction from the same shell. The ages obtained for shells from Layers 5, 6 and 7 were older than those 

resulting from Method C both from aragonite and calcite fractions. 

Comparison with previous results - Based on previous results on charcoal samples (Tátá et al. 2014) the 

expected 14C age for samples from Layer 3 was from ~8,660 to ~8,880 BP (Table 2). However, on the shells 

used in this study for all four methods we obtained younger ages, even though a direct comparison of 

different materials and species can cause errors in interpretation. Ages obtained with Method C and D for 

samples from Layer 4 fell within the same range of expected ages for Layer 5 (Table 2). However, compared 

to the ages obtained with Method C and D for Layer 5, those from Layer 4 were older. The expected ages 

for Layer 5 based on previous results are ~20,300 ï 25,400 BP (Table 2). While the obtained ages for 

Methods A and B on the same sample result significantly younger than expected with 6,781±87 and 

5,054±77 BP respectively, the resulting ages for Methods C and D are similar to those expected with ~19 

ï 20,000 BP (Table 2). The sample pretreated with Method D falls within the range of previous dates, while 
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both aragonite and calcite from Method C give a slightly younger age. Layer 6 resulted in a higher 

variability of ages, both considering the previous 14C dates on shells and the 14C dates obtained in this study. 

Previous results include an age of 41,384±998 BP along with most other dates on shells resulting in 14C 

ages ~26-28,000 BP (Table 2). The carbonate fractions from the same sample collected in this layer resulted 

in ages of 27,374±121 BP for Method C, and 33,416±240 BP for Method D. The two dates on bones from 

Layer 6 of the Terrace area resulted in two considerably different dates of 27,600±140 for sample MAMS-

19366 and 20,260±80 BP for sample MAMS-19367. In Layer 6 the aragonite fraction mostly agrees with 

the previous results on shells. However, there is a significant variability of dates for this layer. For Layer 7, 

the expected 14C age range was around 24,300 - 27,100 BP based on previous shell dates (Table 2). The 

age obtained for the sample from this layer pretreated with Method D falls within this range at around 

25,000 BP, while the ages obtained for the same sample pretreated with Method C gave ages around 21,000 

BP. In Layer 6 and 7 the sample pretreated with method D gave the oldest date, resulting ~5,000 years older 

than the dates from the same shells pretreated with Method C. However, some of the previous shell dates 

were even older (Table 2). When considering only dates obtained on Pecten sp. for layers 5 ï 7, our dates 

from Method C are considerably younger, with Method D showing closer, yet still younger ages. 

2.4.3.2. BONE DATES 

The two dates on bones from Layer 6 of the Terrace area resulted in two considerably different dates of 

27,600±140 for sample MAMS-19366 and 20,260±80 BP for sample MAMS-19367.  

2.4.4. PYROLYSIS - GAS CHROMATOGRAPHY - MASS SPECTROMETRY (PY-GC-

MS) 

In this study, only the insoluble fractions of the extracted organic matrix were analyzed as the soluble 

fractions resulted insufficient to perform Py-GC-MS. The pyrograms of the archaeological samples (Figure 

45) were characterized by a variety of pyrolysis products that included (1) aliphatic hydrocarbons, mainly 

n-alkanes from n-decane to n-tetratiacontane, (2) aromatic hydrocarbons principally diphenyl, monocyclic 

(from benzene to C4-benzenes) and polyaromatic hydrocarbons (PAHs, indenes, naphthalenes, 

phenanthrene and alkylated forms), (3) nitrogen-containing compounds (pyrroles, pyridines, aromatic and 

long chain aliphatic nitriles), (4) aliphatic (fatty acids, palmitic and oleic acids) and aromatic oxygenated 

compounds (furaldehydes, phenols, benzofurans).  
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Figure 45. MS-pyrograms from Py-GC-MS of the insoluble fraction of archaeological samples. The 

molecular structures were reported for some of the most intense peaks. CS2: carbon disulphide; PA: palmitic 

acid; SA: stearic acid; S: squalene; (o): alkenes; (ǐ): alkanes.  
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2.5. DISCUSSION 

 

The weight yields obtained for Methods A and B were in line with the expectations based on literature and 

previous results (Berger et al. 1964; Hadden et al. 2018; Hadden et al. 2019; Marin et al. 2012). However, 

the weight yields obtained in this study for archeological shells did not significantly differ from those 

obtained for the modern shells, indicating that the organic matter fraction is indeed protected by the 

carbonate crystalline structure and remains relatively constant after the formation of the shell (Figure 46). 

Furthermore, it is important to acknowledge the high amount of material needed to perform Methods A and 

B compared to Methods C and D, considering the low yield both in terms of weight and in terms of carbon 

content, as seen during sample graphitization. This makes it difficult to choose to perform Method A or B 

instead of Method C or D, since the amount of material available for pretreatment can often be scarce. 

Furthermore, having a lower yield makes the extracted material more susceptible to contamination, the 

effect of which, if present, will be much greater than in a higher yield sample. For example, the same 

quantity of modern carbon introduced in a sample of 1mg would have a much more significant effect on 

the radiocarbon age than in a sample of 100mg. 
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Figure 46: (a) Box plots showing the weight yields (% of initial weight) for Method A and B performed on 

modern (blue) and archeological (green) samples. (b) Box plots showing the weight yields (% of initial 

weight) for Method C and D performed on modern (blue) and archeological (green) samples. 

  


