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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 alloweldealogists 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. Ressa&rche
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 envinoental 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 pdssiliiterpret 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 sapiensarrive and disperse into Europe encountering Neandertipailations.

Mollusk shells are often found in archeological sites, given their great preservation potential and high value
as a multipurpose resourdehey are often the only available materials® for radiocarbon dating, due to

a lack of wellpreserved bones in many archeological sites, especially for the key period of the Middle to
Upper Paleolithic transitionHowever, radiocarbon dating omollusk shellsis often regarded as less
reliable compared to bones, wood, or charcoals duketwariousfactorsinfluencing their radiocarbon
content(e.g., Isotope fractionation, marine reservoir effect ekpy. the development of more accurate
chronologies usinghells it is fundamental to continueproving the precision of the techniques applied

as has been done for other materials (wood and hofiles$, 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 beén possib
Furthermore, mollusk shells can provide information on the climatic and environmental variables present
during their growth. Using shells for paléiotatic 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, peimg bio
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 understusdhdsisxplores

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



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 shelig] ¢hen to archeological specimens from a skalbbwn 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 differeotagcia layers

from the most complete stratigraphic sequence found in one of the several excavated areas oftthe site
Terrace area. Mollusk shell samples from this area of the site have already been radiocarbon dated after
using the standard pretreant 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 focusimgudottage fraction (X

I Ray Diffraction), and the other focusing on the organic matrix (Pyraly&as ChromatographyMass

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\arommental 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, tiganic matrix was divided intthe soluble and insluble

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 dmnmental 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 significanhcéfenr 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 pdor 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 continuouslyptighthe establishment of new measurement techniques,
sample pretreatment protocols and statistical and calibration moadeth all serve to provide the most
accurate age determination possifilalamo et al. 2023)This, in turn, allows for a better understanding

and reconstruction of the evolutionary history of ours and other human spéageshapter 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.

1.1.1.0ORIGIN AND DISTRIBUTION OF RADIOCARBON IN THE ATMOSPHERE

Radiocarbon ¥C) is one of three naturally occurring carbon isotopes. It is present in all carbonaceous
matter along with the two stable isotogé8 and'®C. These isotopes are present in natordifferent
guantitesreflecting their stabilityapproximately as follows?C (98,89 %)1°C (1,11 %) and*C (10%° %).

1C is produced in the upper atmosphere in a nuclear reaction resulting from the formation of neutrons by
cosmic raygFigure 1) The reaction is triggered by the bombardment of nitrelgerf*N) by thermal

neutrons resulting in the formation 6€ and a proton:
14N + 11C + N

Subsequently“C reacts with hydroxyl radicals to forffCO and theA*CO, (Pandow et al. 1960pr less

frequently forms“CQO.directly, in the following oxidizing reaction:

UC  + 2 GE0, WH,

Atmospheric“CO, is well mixed due to rapid atmospheric circulation and thus causes a uniform
distribution of *C in one hemispherg/Anderson and Libby 1951However, there are some factors
includingvari ations in Earthos ¢ ecandrsalgrmaaivity whichf caredause t he
variations in the production &fC (Hughen et al. 2004; Stuiver 1961; Stuiver and Braziunas 1998; Stuiver

and Quay 1980)Collisions between thermal neutrons afidl atoms are most likelio occurat around 15

km above tifiaee whkeserthe prodsicticste of 1“C is the highesfAitken 1990) The Ear t hos

magnetic field deflects cosmic rays at a different rate at different latitudes, thus influencing thé“ate of
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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 clBetieel large ocean area in the Southern
hemisphere (flux of low*C CO2 to the atmosphere) adde to diverging windpresentat the equator
resulting in reduced atmospheric mixing between the Northern and Southern hemispheres and is accounted
for by having separate calibration curves for each hemispghirgg et al. 2020; Reimer et. #&020)
Calibration will be further discussed in the following paragraphs. Finally, magnetic fields created by solar
activity will influence the production dfC (Stuiver 1961)which has periodical changes correlated to the

variations in solar activity at different time scales.
1.1.2.INCORPORATION OF*“C INTO THE BIOSPHERE AND HYDROSPHERE

Once it enters the carbon cycléC 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 ag# different sampled-rom 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 (Bnggt Ramsey 2008)Isson 2009 he

slower the exchange, the 1848 there will be in the reservoir due to the radioactive decay and laé& of

renewal.

Atmospherici“CQO;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 ar{figlgael) It is then
transported along the food web to heterotrophic organisms by ingestion of plants and other animals,
becoming gart 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 res@tennichment in lighter
isotopes. The lighter isotogéC is preferentially taken up during photosynthesis compared to the two
heavier isotopes. The fractionation '€ compared tdC is twice as much as the fractionation#g
compared tdC. It also depends on the type of metabolic process, which in plants can be divided in two
groups: C3 and C4 plantMost terrestrial plants ar€3 plantsand have a higher fractionation &fC
compared to C4 plants (tropical plants) resulting in different ratiosygrismtopes 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{C A?C) is used to correct for théC A2C f r acti onati on. Th%¥Cs i s do
value by comparing thEC /2C ratio of the sample with that of a standard and using this value to correct

for 4C by creating a fractionation factor.

On the other hand, atmosphetf€Q;is incorporated into the inorganic carbon load of the ocean by gas

exchange through the aea interfac€Figure 1) Once in the surface waters, it follows the currents in the

12



so-called global ocean conveyor belt bétmohaline circulation towards the polar regions where the water
cools down, becomes denser and sifikes water mass thdmecoms part of the deep ocean where there

is no other input of*C, there isonly radioactive decay. At the end of this conveyor belt, the water finally
reaches the surface once agdire toupwelling. In the areas where this phenomenon occurs, the surface
water becomes depleted i€ compared to the atmosphé¢Broecker 1991; Gordon and Hass 1992)

This is the reason behind the differenc&4 concentration between the atmosphere and the oceans called
thereservoir effect (described more in detail in the following paragraphs). However, the ocean reservoir is
very heterogeneous in terms 8€ concentrations because of local changes mvafer exchange and

different ocean mixing ratg&ordon and Harkness 1992)
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Figure 1.Productiondistribution,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 ageslated sampleand a better understandingro$torical
andprehistoical eventdespite the lack of written recordsis currently one of the main dating techniques
used within archaeological research to establish absolute chronologies by dating both agabanée

wood, charcoal) and inorganic materiasy(,shell carbonates, corals, stalagmit&gdiocarbon dating is

based on the notion that tH€ activity remains constant in living organisms throughout their life and that
only after deth it starts decreasing exponentially in its radioactive d€emyire 2) Radioactive decais

described with the following equatians
(1) A= Ae®

(2) t=-1/*In (A/Ag)
Where:

I t=the time since the sampieaterialceased to exchange carbaith the environment
1 &= decay constant
1 Ao = activity at time of death

i A = activity remaining in the sample fito years

Knowing the rate of decay (hdlife) and the initiat“C 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 methidd determined &alf-life of 5568 yearqLibby 1955)
however not long after a more precise value of 5730+40 years was estaffisdedn 1962; Stuiver and
Polach 1977)The halflife determined by Libby is still used to allow comparison with dates frefore

1962. The decay takes around 8 to 10-lnadfs to almost remoVEC completely from the sample, rendering

the limit of the method aroundb®00 years.

In the early years,a complex procedure of coating amorpheasbon onto a metal screen was used
performC dating(Anderson et al. 1951 his procedure wasusceptible to contamination from other
betaemitting nuclides during the period of atmospheric nuclear testing thus was later abandongd

new method fot*C measurements used gas proportional counting and scintillation cqurgfare arriving

to the technique used todagiccelerator mass spectrometry (AMBMS was firstintroduced inl977and

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 precisifraylor and BarYosef 2014) In the past two decades, this

14



amount decreased to micrograms thanks to constant method improvéReevitsss et al. 2017; Fewlass
et al. 2019h)For a more detailed history of the establishmeat@fdating and a comparison of AMS dates
with the early solid counting dates shél et al.(2018 and Olsson (2009).

100
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Figure 2. Exponential radioactive decay with theifdfshown asit,
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1.1.4.AMS

As opposed talecay counters (gas proportional counters and lisgirdtillation countersjyvhich indirectly
measured*C activity bydetecing and measiimg “C beta decay eventhe AMS uses direct carbon isotope

ion counting, allowing to decrease drastically the amount of time and sample needed to perform the
measurementsAMS systemstypically use a twestep particle acceleration process relyingtamdem
electrostatic accelerators with negative ion souftaglor and BafYosef 2014)Once introduced into the

ion source,either in the form of graphite or G@as,the carbon atoms of the sample emeized with a
negative charge bgesium iorbombardment and accelerated into a heBme electromagnetic field of the
low-energy mass spectrometer changes the trajectory of the ions in the beam, discriminating the heavier
14C isotopes from the lightéfC and*°C isotopesThetandem accelerator has a positive charge that attracts
the negative ions, which are then stripped of their outer electrons changing their chargedaiive to
positive and repelling them from the tandem acceleratseddnd magnetic field in thegh-energy mass
spectrometenccelerates the positive ion beam, separatingheand3C ions which are measured in

faraday cupsfrom the '4C ionsmeasured by a much more sensitive ion detéEigure 3)

Accelerator

Low energy MS High energy MS

=
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BC « <
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Ton source detector
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deflector

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 Il graphitization system (Figure 4) which allbvpsesreated
samplego be combustethto CO, gas and then converted into a solid form by reducing them to graphite
(Tassoni et al. 2023T.he obtained graphite is then pressed into sample holders (targets, typically needing
500-1 0 0 0 ) prigr toGhipment to an AMS lab for measurement. Graphijteeferredto CG; because

it producs higher ion beam currentallowing fora higher level of precision, and less memory effect in the
ion source between sampledowever, despite the lower precisidretdirect measurement of €@asis

still used in many cases, sinceaeguiles amuchsmaller sample size 61 0 0 ¢ g th€desults ard
obtained in less time as the graphitization step is omfRegnsey and Hedges 199Furthermore, the
precision forCO, samples was increased, due to improvements to the AMS system which allowed the
production of higher ion beam currenti§ improvement was possible thanks to the introductioa of
more compact AMS systemthe Mini CArbon DAting System (MICADAS), capable afccepting both

solid and gas sampléRuff et al. 2007; Wacker et al. 201This kind of technological improvemesmake

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 mexh contamination.

Figure 4 Equipment at thd8RAVHO lab (a) elemental analyzerd(b) AGE Il graphitization system
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1.1.5.SAMPLE MATERIALS AND PRETREATMENT

The only samples which can be used & dating, are those containing organic or inorgamaicon.
However, samples older than the limit of the method cannot be measured due to the completétfzcay of

A wide array of terrestriamarine,and maamade materials are suitable f6€ 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 archaeolgical studiess shown in Table it is important to perform eareful 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
employeal to evaluate the preservation and presence of potential contaminants of different sample materials
(visual inspection inspection underUV light, with polarized light microscopy, scanning electron
microscopy(Yates 1986)pectroscopy infrared(Fewlasset al. 2019a; Lugli et al. 2021; Malegori et al.

2023; Sponheimer et al. 2019; Talamo et al. 2024a)ay diffractionor fluorescence, &nan(Quarta et

al. 2020) pyrolysisi gas chromatograpliiynass spectrometCersoy et al. 2018nd gercentage of carbon

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

Radiocarbon dating includes an especially crucial step prior to the AMS measuremantple
pretreatmentPhysical and chemical pretreatment of different kinds of sampléédatating aims at the
removal of any potential exogenous carbon which could interfere with the sample age determination.
Standardsand blanksare used duringsample preparation and processing to detect introduction of
exogenous carbon into the sampitethe case of modern contaminatitatanks or background standards

which are devoid of*C (older than 55,000 years) are udéddern samples of known age can be used as
standards to detect contamination by old carlfwncessing blanks aphosen based on tmeaterial and
pretreatmentised and processed together with the sample of the same type and. diedinst 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 pexses or by sample handlirighemical petreatment methods for organic
samples usually include a variation of a standard method using alternate washt oasacand again acid

(ABA; woodi (Cercatillo et al. 2021 pones (Talamo et al. 2021a; Talamo and Richards 20dH3rcoal

(Bird et al. 1999;Tassoni et al. 2023Nood et al. 2012)ash,sedimentand plant fragments (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 asgdesed contaminating. The second acid

step serves to remove the modern carbon dioxide)(@Kich 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 floenGiae
calcium carbonateSurface acid etching was found to remove abolit 80% of the initial weight of the
samplgDouka et al. 2010; Lindauer and Kromer 20113)e methods for pretreatment are constantly being
improved in order to achieve the most accurate age determinatiosxample for such an jpnovement

is the introduction of an ultrafiltration step in bone pretreatment to remove low molecular weight fractions
which were found to be sources of contaminatibalamo et al. 2021apimilarly, the introduction of an
oxidation step to the ABA protocol for the pretreatment of charcoal was shown to improve the removal of
modern contaminatiofBird et al. 1999Tassoni et al. 2023Yood et al. 2012}urthermore, a new protocol

for carbonate pretreatmehtised on density separation using heavy ligdildsvs for the separation of
calcite and aragonitavhich was shown to improve radiocarbon dating of mollusk shellscarads and

will be further discussed in Chapte(Rouka et al. 2010)

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

Sample material | Sselected datable fraction Sample material | Selected datable fraction
Terrestrial Human history and collections of Flora and Fauna
Animal and lmman remains Bone collagen ) 1) Skin, hair
Human remains 2) Bones

3) Cremated bones
Fossil trees including charred

wood and anthropogenic 1) Charcoal & whole wood Pottery Whole bulk

2) Cellulose

wood products 1) Straw
Short lived charred and fresh 2) Grains, seeds
1) Fine fraction of bulk (<150p): vegetal material 3) Pits
Peat humin and humic acid 4) Nuts

2) Identifiable fragments of plants v | fia P
Collections of seeds. ) Vegetal agments/tissue

1) Fine fraction of bulk (<1501): fyeraria, museun specimens 2)Bomes
Sedimentary records: fluvial, humin and humic acid 3) Other tissue: hair, skin
caves, lake deposits. soils. = 2) Idenfifiable fragments of plants ‘Anthropogenic products
permafrost, loess, paleo soils 3) Earthworms droppings -
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1.1.6.CALIBRATION

In the early years of radiocarbon datiagonstantevel of*“C in the atmospher@nda rapid distribution

in both hemispheres was assungeitbby et al. 1949implying that the radiocarbon years correspond to
calendar yearsiowever,n the early applications of radiocarbon datingti@zagesbtaineddid not match
historical dates or treeng recordsbecause of variations in the atmosph&@"*2C ratio through timend
space(de Vries 1958; Stuiver and Suess 1966; Willis et al. 196@¢refore, it was discovered thd€

years are nogquivalent to calendar yeaasd theymust be calibratedsingtemporal proxiegde Vries

1958; Stuiver and Suess 1966; Willis et al. 19€3libration allows us to determine the calendar age of
dated samples by converting the radiocarbon results into years BC/AD or ye@rsf@&® present, where

the present is thgear 1950) It is important to distinguisthemand thus the calibrated ages are marked as

cal BC, cal AD, cal BP, whereas the uncalibrated results are marke&'@igins BP. In order tperfam

this conversionwe need a calibration curve constructed using securely dated saempj@sying an
independent dating method. This is done by using U/Th dating, laminated sediment layers otr@@mnual
rings with dendrochronological measurements. There are different calibration curves currently in use for
the prebomb samples: the atmospheric calibration curves (IntCal for the northern hemisphere and SHCal
for the southern hemisphere) and the negalibration curve (MarineCal). Atmosphefi€ concentations
doubled due to the nuclear tests starting in the late 1950s. Therefore, there is an additional calibration curve
for the postbomb periodReimer and Reimer 2023)

A first approach to constructing a calibration cul
off known-age samples of wood and represented the beginning of the calibration ifdethetial. 2018)

From these first attempts of calibration the calibration curve has improved substantially throughout the
years, with method improvements and more data becoming avdRaitaer 2021)Theearly versions of
calibration curves were based on different records which were often inconsistent, espetiallgeviages

and near the limit of the method. For example ghry versions of thealibration curvdntCal98(Stuiver

et al. 1998nndIntCal04(Reimer 2004pnly spanned the period ung#t and26 karespectively and there

was nho unified recommendation for calibration beyond that(dga 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 agéReimer 2021)With new data becoming available through tiared by
incorporating it into the existingicve,some of the inconsistencies were resolved in the IntCal09 calibration
curve (Reimer et al. 2009which was further improvedh the IntCall3(Reimer et al. 2013)The latest
updatel calibration curvedor the northern hemispheig IntCal20, for which the dendiimased calibration

curve extends back t4.200cal BP, with further extensions to 55,000 cal BP from other recuds as

laminated lake sediments, marine sedimeastgals,and speleothem®eimer et al. 2020 he 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 correspondenétC adnd calendar (calibrated) agésis
important to mention that there is a significant difference in terms of resolution and accuracy between the
dendrebased curve and the rest, based on materials indirectly related to the atmoXithefice
improvement of the efficiency and precision of the radiocarbon measurements due to newly developed
MICADAS AMS machines contributed to the improvemantl extensiomf the radiocarbon calibration
curve.In recent years, a new method was developed linking variatidfi§ o variations in Berylliumi0

(*°Be) which could improve the calibration curve by anchoring the older floating tree ring chronologies by
absolutely dating therfAdolphi et al. 2017; Muscheler et al. 2020)

e [ntCall3
AU0e0 e IntCal20 |

40000 -

30000 |-

Radiocarbon determination ('‘C BP)

20000 | : | . |
50000 40000 30000 20000

Calibrated date (cal BP)

Figure 5. Comparison of thatest twocalibration curveintCall3 in blugReimer et al. 2013)nd IntCal20
in red (Reimer et al. 202Q0)compared t@ hypothetical constant atmosphéfi€ concentration over time

which would make th&C 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 @&pplied in many different disciplines study Ear t h 6 shegast 85t000r vy i n
years.With the increasingly interdisciplinary approaches, the number of possible applicatiéf@ of
analysis is constantly growing. Some of the most frequent applications irkiteeology, paleoclimatic
research, environmental studies, cultural heritage, biomedicine, and forensic ,stieneene a few.
However, the focus of this thesis will be the study of human evolufioe.application of“C dating in
archeology anthuman evolutiorstudies isused not only to determine the time elapsed since a cedstin p
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 ofaghiming 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; Tata et al.
2014) However, once numerous chronologies are available over a large geograpale, it is possible

to interpret human migration patterns, their interactions, adaptations, and cultural eXtharioge2015;

Picin et al. 2022)To reconstruct such largeale 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 isite,important to have accurate
information on the sampling location within the archaeological sequé&cachieve the best results and
select the samples representative of the event of interest (usually human presence or aatioitg), a
collaboration betweermrcheologistsand radiocarbon dating researchassnecessary. 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 infornation allowing for a better interpretation odigi scenarios of human migrations, interactions,

and cognitive and technological developméfllvarezFernandez et al. 2020; Bicho and Haws 2008;
Carrion et al. 2008; Finlayson and Carrion 2007; Leng and Lewis 2016; Linstadter et al. 2018; Mannino et
al. 2003; Mannino et al. 2015; Milano et al. 2018a; Milano and Szymanek 2019; Schdne and Bigpig 20
Talamo et al. 2023Yhe combination of radiocarbon dating and other analyses such asZobS (mass
spectrometry for zooarchaeologghd stable isotope amyals has allowed for the determination of the
sample speciesliet, and ancestry even from fragmentary samples, thankgeiaisciplinary studies and

the development of new techniqu&®rlevic et al. 2018; Mannino et al. 2012; Talamo et al. 20T&lgmo

et al. 2021h)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 getlaextractior(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 ZBtalegori 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 dynamiBayliss 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 moduadiirey),
allowed for a higher resolution in the reconstruction of scenarios from human evolutionary history even
near the limit of the metho@alamo 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 UPPERPALEOLITHIC 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 thepér Paleolithic MUP (Talamo et al. 2023)This

period is crucial for human evolution as it represents the arrival and dispersal of the Upper Pafeatithic
sapiensinto Europe, their encounter witHomo neanderthalensifNeanderthals) and the subsegjue
disappearance of the latter. The archeological data so far indicate multiple consecutive wéwe® of
sapiensmigrations from the Levant along the Mediterranean coast and the DanubeNRiwecultural
behaviors emerged in the European territoniesassociation with these migrations including the
development of novel lithic technologies, more efficient foraging strategies and the creation of personal
adornments and afPicin et al. 2022)The precise mechanisms which led to the behavioral changes
occuring between ~44 and 39 ka B&s 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 specigigecific, implying that the replacement ofddle Paleolithictechnologies by
UpperPaleolithicones was directly equated with the replacement of Neanderthblerbhg sapien¢Bar-

Yosef 1998) Others implied they had a tragpecific nature, where the behavioral changes were the result

of Neanderthal endemic innovations or of cultural exchangeshidtho sapiengD'Errico et al. 1998;

Hublin et al. 1996; Mellars 1999A 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 occurrencéofo sapienand the latest occurrences of

Neandertalsin as many sites as possibl@btaining 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 archeologittaksare 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 knowlebigeae groups olithic asemblages covering
different time frames within the period from 50 to 35 ka cal BP have been assigned to theH@miest
sapienspopulations in Eurasial he fl ni ti al Upper Pal eolithico (I U
Aurignacian assemblagé€bigure 6(Hublin 2015) Ot her aut hors i nclude an iE:
(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 avitewas
represented by the Emiran indus{Bigure 6) although other dispersal routes for the IUP from Central
Asiainto Europewere also hypothesizd@icin et al. 2022)The first expansion dlomo sapienat ~47-

44 ka cal Bmhas been related to the spread of teetmraplexes assigned to thdP, and itreached Bulgaria

where it is represented by the Bachokirian industigraviaas the Bohunician industrgis well as southern
Europewhere the Uluzzian technocomplexes are encountered (Figitebdin 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 lattartm sapiengBenazzi et al. 2011)

it was included in the group of transitional assemblgbeslin 2015)although other authors argue it is

fully an Upper Paleolithic assemblage with a potential disftican origin (Moroni et al. 2018)
Furthermore, the Uluzzian assemblage is often considered the Italian counterpart cftéhge€hnian

industry belonging to the group of transitioaasemblageg$iublin 2015; Picin et al. 2022J he transitional
assemblagearea heterogeneous group of assembldlgeaght to have been produced, at least in part, by
autochthonousleandertal populations surviving in Europe until c. 41 ka calHBblin 2015) This group
encompasses the Szeletian foundHuangary, Czech Republic, Slovakia, and southern Poldmel
LincombiantRanisianJerzmanowician (LRJyhich is found inGreat Britain (Lincombian), Belgium,
Germany (Ranisian) and Polafiterzmanowicianand lastly the Cételperronian inWestern France, the
Cantabrian regioand CatalonidFigure 6). The scarcity of wefllaced andavell-preserveciuman remains
associated with these industries leaves much room for debate over who their creators were andrié they w

a result ofHomo sapienénfluence on Neandertha(Picin et al. 2022)Another wave oHomo sapiens
migrations starting in the Levant angih a technological shift from IUP to EUPicin 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 con{iHeblin 2015) The EUP is represented

in the Levant by the Ahmarian which is a long lasting and widely distributed assemitiadpehas 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 phaseBrotoaurignacian and Early Aurignacian, the shift between the two was thought to have
been caused by the Heinrich StadiglPAcin et al. 2022)In Eastern Europe, technocomplexes different
from the Western European ones are encountered in thé BuPStreletskian and the Spitsymigrigure

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 allowetthéodefinition of these industries

and broad migrationand behaviolinterpretations, it is still difficult to define the exact process of the
replacement of Neandertals bjomo sapiensn Europe. There is still a lot of uncertainty regarding the
precisamechanism and timing for the start of the varimasistriesandthegeological age of key specimens

due to a number of issues. A lot of the uncertainty has been created by the laftkroation during
excavation of a large portion of the available matsrigheseexcavations were conductsthrtingin the

early 1900sand the documentatia@bout the stratigraphy and precise location of each samptg up to
presenday standardsand often missing or lostThis leavwes doubts on the possible intrusion of
archaeological material from one layer into anotaed the stratigraphical attribution of the excavated
samplesFurthermorethe radiocarbon dasused to construct these scenariwhich were performedn

the human remains and the archaeological latyerg came fromare also often a matter of controversy
having been obtained before the advent of modadadvanced technique$herefore having new, more
precise chronologies gt shed light on the precise timing and duration of the coexistence of Neanderthals
andHomo sapiengheir interactions, cultural and genetic exchanges, and the reasons behind the demise of
NeanderthalsAnswering 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 apjdinaif radiocarbon dating during this period was
guestioned due to suspected large fluctuations in atmosph@rlevels(Conard and Bolus 2003; 2008)

This hypothesis was shown to be erroneouthadarge anomaliesere revealed to bartefacts beyond
plausible physical limits for their magnitu@€alamo et al. 2012a}-urthermore, the loWC 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 pibadenois

et al. 2021a) Additionally, many archaeological sites are being revisited to construct more robust
chronologies using state of the art meth{@euka 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 ofpwedlerved samples still remains a critical issue,
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hindering researchers from fully understandit@mo sapien$ 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 frBiin et al. 2022
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1.2.2. THE LEVANTINE CORRIDOR DEBATE

The migrations oHomo sapiensrom Africa into Europe, whether they followed the Mediterranean coast

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

2006b; Picin et al. 2022)his makes studying this area of great importance in order to understand the
mechanisms behind the emergence of new technologies and cognitive behavior associatemwith
sapiendn 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 indirectidg is found in the archeological site of Ksar Akil (Lebanon;

Figure 7).

- Levantiie
corridor

i L \ > - ~

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 wocho sapiens$ossils were recovered

(Figure 8). Two human fossilsnamédegb er t 6 and 6 Et h eefthumadfasSilsdirese r ar e
linked toearly Upper Palaeolithic archaeological assemblagésg bweas undbvered itevels associated

with the Early Ahmariamnd comprisethe skull and postcranieémains of a juvenilelomo sapienswhile

0 Et h ed partiatinaaxXilloof a6 6 N e a n d dHomashpensdhdoNEanderthal featuremale adult

was recovered from a levaksociated with thstart of the IURFigure 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 uperforation, burning, polishing, snapping, and ochre resjdues

Figure 8), they were used to construct the radiocarbon chronology for this site and to determine the age of
the contexts from which ©6E {Pbukaetab20a3ipdukadalEdolleaglies uda’' W
dated marine shell beads, which are often regarded as indicators of behavioral modernity, to construct a
chronostratigraphic framework for Ksar Akilsing Bayesian modellingThey estimated the ages of
O0Egberté and0.88E2kh @lBP and 43@1.7aka cal BPindicating that they were roughly
contemporaneous with the oldest directly ddtkmino sapiengossils from Europe. This led them to the

conclusion thathe MUP transitionat Ksar Akil, and possibly in the wider northern Lieyaoccurred later

than previously estimated, casting doubts orL#weantine corridor hypothesis.
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Figure 8. Stratigraphy of the Ksar Aki/l site show
EUP and | UP sequences respectively, and the O6Egbe

Two years later, another team of researchers revisited the Ksar Akil site to construct a new chronology, this
time choosing shells of a vewyell-preservednarine gastropod associated with the human remains and

stone tools present at the giB®sch et al. 2015aT he 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 (8adgh et al. 2015afurthermore, 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 isotopéheir results yielded a chronology which overlapped with the predoes

in the upper part of the sequence but was significantly older in the lower part where the IUP and EUP layers
are locatedBosch etal. 2015a; Douka et al. 2013jhe new determinations webetween 42 and 429
kacalBPf or OEgbert DAS8kachl B® fod &t hehamwmdad, falling in 1
of other Levantine sites and predating the European IUP and EUP count@padis et al. 2015aY his

leads the authors to conclude confirming the Levantine corridor hypotfBessh et al. 2015a)They

suggest several reasons for the discrepancy between the two chronologies including the sample selection
(ornamentathells 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
(Doukaet al. 2015) Yet they considered the new radiocarbon determinations correct and the two AMS
laboratories comparabiouka et al. 2015)After applying the modifications and parameter changes
suggested by Douka et al. (2015) to their Bayesian model, Bosch and colleagues elgmireethes of
42.7140.9 ka cal B.P. foéEgberd 49.9'44.1 ka cal BH o Etheldud®and 44.943.6 ka cal B.P. for the

start of the dated IURwvhich did not change their original conclusigB®sch et al. 2015b) 6 Et hel r ud a
wasstill older than all European human fossils other than a sample from Cavallo cave (Italy), whose context
was uncertairiBosch et al. 2015b; Zilh&o et al. 201%he debate was concludedth theconfirmation of
Levantine corridor hypothesisy Bosch et al. (2015).

As attested by this debat e, it is challenging to
collagen for a direct radiocarbon determination. There are several issues when doing so using only mollusk
shells, including theelection 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 eventsrimam 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 seleatin 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.

29



1.3. MOLLUSK SHELLS IN RADIOCARBON DATING AND HUMAN EVOLUTION

STUDIES

In order tousemarine mollusk shellfor radiocarbon dating and in the reconstruction of human evolution
scenariosit is necessary to understand the many variadoleonsider 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 overe8faithous
species in existence and at least 30 thousand fossil species from diverse habitats across(fieyaag|

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

2023) They inhabit the oceans, seas, rivers, and land; some are mobile, while others live fixed to the
substratg Ahyong et al. 2023; Santhanam 2018a; 2018hgse diverse habitateve an effect otheir

diets, behavior, and morphology. Most mollusks are filter feeders and grazers, and their diet and way of
feeding can influence thdnemical composition of their soft and hard tissddwe diversity of this phylum

is also reflected in thmany different shapes, sizes, and colafr$heir carbonate shell$lollusks grow

their shells incrementally throughout their lifetime for support and protecdiot their resistance gives

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

the physical and chemical conditions of the environment they amnihhow it changes through time,
making them excellent paleoenvironmensaithives.The stug of changesn the chemical composition

(i.e., stable isotopes and trace elements) and physical accretionary pattteroBusk shells, usetb

produce paleoenvironmental reconstructions with extremely high resolution is called sclerochronology
(Andrus 2011; Gillikin et al. 2019; Leng and Lewis 2016; Peharda et al. 2021; Schone and Fiebig 2009;
Yan et al. 202Q)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 msl shells for the study of human evolutidmother reason behind

the significance of mollusk shell®r human evolution studies is their diverse uses throughout the
evolutionary history of ours and other human spe(izs-Yosef Mayer et al. 2009; Bichet al. 2010;
CortésSanchez et al. 2011; Douka 2011; Douka and Spinapolice 2012; Joordens et al. 2015; Marean et al.
2007; Peresani et al. 2013; RanMsfioz et al. 2016; Tata et al. 2014; Wei et al. 2016; Zilhdo et al. 2010)
Anatomically modern humans have long used shellfish as an important dietary conthaentheir easy
accessibility, reliable availability throughout the year and source of proteins and micronutrients essential

for physical developmer{Bailey and Flemming 2008; Colonese et al. 2011; Fa et al. 2016; Marean et al.
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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 devel¢Bitlen and

Haws 2008; CortéSanchez et al. 2011; Douka 2011; Douka and Spinapolice 2012; Fa et al. 2016; Tata et
al. 2014; Wei et al. 2016; Will et al. 2019her diverse and frequent use, together with the mechanical
and physical resistance of the calcium carbonate crystalline striBantbelat 201Q)has madenollusk

shells themost widespreatharinematerialfoundin archaeological sites around the wonftenfound as
accumulabns up to several meters heigtalled shellmiddens(Alvarez et al. 2011; Ambrose 1967;
Hausmann et al. 2019; Lindauer et al. 2017a; Waselkov 19Big)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.@llyespeaiid
environments in thérabian Peninsulauch as the case of Ksar Akil and similar s{i&sgi 1994; Bosch

et al. 2015a; Douka et al. 2013; Magee et al. 2G&I19lIs ar¢husfrequently used to constrain chronologies

from archaeological sitaghere other materials are unavailable, where it is crucial to consider the different
variables affecting*C content in the shells before drawing important conclusions about human evolution

Some of these variables are briefly described in the followiragpaphs.

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. Itéaused by the slow diffusion of G@hrough the ocean surface and the

even slower circulation of deep oceanic water masses, which cause a higher depletion than replenishment
of ¥C (Figure 9). Subsequently, the different global and local ocean currents influence the amtint of
depleted water at each location and the local reservoir effect. The current walibration curve
(Marine20) that was developead accountfor this offset in “C in the ocean includes comparison to
reservoir ageshat have beerdetermined usindgnown-agespecimens from museum collectionghich
werecollected alive (during the pteaomb ergdHeaton et al. 2020}t should be noted thaténuclear bomb

tests caused an enormous increase of atmospféni@lues, which were stored in theearreservoir in a

large amount, causing reduced oabsentreservoir agén marine organismeowadays compared the

prebomb periodJenkins et al. 2010The average prbomb period value of the marine reservoir offset is
approximately 400C years for the global surface oceans in the Northern hemisp&ereer and
Braziunas 1993)However, as mentioned, the marine reservoir\ajeesvary geographically and can

range from about 408C yeas in subtropical oceans to over 108C yeas near the polegReimer and

Reimer 2001) These values are influenced by factors such as ocean currents, freshwater inputs and the
presence of different upwelling intensities bringiig depleted waters to the surface ocean, where they

are incorporated iot marine organism@Alves et al. 2018)When performing“C calibrationfor marine
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samplesthe regionalariation of the reservoir aglhas usually beetaken into accounby including a

regional correction to the marine calibratorur ve cal |l ed @R but thereservoit me d e
ageand @R has mad emareauncertaie than toll terrestria sampi@assell et al. 2011b)

In 2001 an ofline marine reservoir correction datab&ses been developed and updated through the years,

to allow for the correct calibration of marine sample dgsmer and Reimer 200While more recently

an online application for the calculation gf Roffsets has also been develogBeimer and Reimer 2017)
However, the local reservoir effect also varies for different species and throudhitiseeuer 2019)Some

studies on the determination of speaegcific reservoir effects are already availgifives et al. 2015;

Hadden and Cherkinsky 2017; Paterne et al. 2018; Russell et al. 28lfi@m)gh mean values irrespective

of species are still being determined by some autfidiez et al. 2017)To establish reliable radiocarbon
chronologies using shells, the reservoir effect must be determined consiolettinthe location, period,

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

R P Cold deep water uc |

4 »  Warm surface water BC

“

Figure 9. Schematic representation of the global termohaline circulation. Figure modifiedaditeat
GeographieSociety 2023
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The terrestrial equivalent of the reservoir effect is the hardwater effect, caused by the uii@kiepfived
carbon from limestones or carbondiearing 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 specie$or radiocarbon dating
1.3.2.HABITAT, DIET AND METABOLISM

Mollusk shellscan provide highresolution information about paleoenvironments doeg periods of time,
depending on the speci@sndrus 2011; Hallmann et al. 2013; Lindauer 2019; Lindauer et al. 20Mf7b)

shell material contains farmationaboutthe environmental conditions and food resources throughout the
mo | | emtite dfstime(Hallmann et al. 2013; Leng and Lewis 2016; Twaddle et al. 204®)ever,

even specimens of the same species can be exposed to different local conditions and fodityavidilab
research so far has shown that there are radiocarbon offsets among specimens due to their habitat, food
preference and availabilitgiet, and metabolic differences, as well as carbon uptake and incorporation
changes due to stress or ilingBye 1994; Fernandes et al. 2012; Ingram 1998; Keith and Anderson 1963;
Kennett et al. 1997; Killingley and Berger 1979; Lindauer 2019; Wefer and Berger. T9@5p offsets,
especially among different species, clearly reflect the variable food resourdesbétats(Lindauer 2019;
Lindauer et al. 2017a) herefore,before radiocarbon dating archeological specimens it is important to
properly investigate thepeciediet and feeding, as well ahiftsin their habitat conditionsSince these
differences are mirrored in tHéC 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 estuariegHadden et al. 2018; Webb et al. 2007)

1.3.3. SCLEROCHRONOLOGY ANDSTABLE |SOTOPES

Numerous targeted andtérdisciplinary studies on mollusk shells revealed the potential of using mollusk
shells forpaleoenvironmentatudieswith 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. RGiRisk shells incorporate

trace elementand stable isotopds ther skeletonwhich grows in sequential incrementsaking them
high-resolution temporally aligned geochemical records of past environmental conditions and climate
changeqSchone 2008; Schone and Surge 20IRiring suboptimalenvironmental conditions or other
conditions of stress for the mollusk (e.g., spawniagk of nutrientsextreme salinity, or temperature
changes) the shell stops growing and thus no environmental condition is reddfidexl.conditions

improve again and thealcium carbonate production resumasgrowth line" is produced.he carlonate
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depositionis typically periodic (daily or seasonal), and the material depobitdteen wo growth lines

calleda growth incrementln this sense sclerochronology is comparable to dendrochronology (Figure 10).
Both are based on the seasonal growth bands of tihgarisms 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 vari@idies et al. 2019)in fact, using cross

dating derived from tree ring research, it is possible to assign precise dgeggtowth incrementand

create absolutely dated chronologighis allows for thecreaton of timelines of physical, geochemical,

and genetic variability to stly past environmental change in great dektdlwever, the growth hiatuses

make the environmental record incomplete aadse a biasowards the physiological optimum of the
animal. The conditions that cause changes in growth pattwesto different tolerancemre genetically

determined and specispecific(Schone 2008furthermore, during aging the overall growth rates and the

duration of growth seasons of mollusks decrease creating an ontogenetfMc@uhnaughey and Gillikin
2008; Schone 2008)

Figure 10 Comparison between the seasonal growth bandBiotiasp. (a) and of &lycymets glycymeiss

shell (b). Figure of5. glycymerisadapted fron{Butler et al. 2019)
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In sclerochronology, a number of proxige., stable isotopes and trace elemeats)used to reconstruct
different parameters of the paleoenvironmireng and Lewis 2016; McConnaughey and Gillikin 2008;
Peharda et al. 202Tjhe useof stable isotopes as geochemical proxies religsaiapefractionation during
differentchemical reactions (e,gcarbonate precipitation or respirationmollusk9 and the preservation

of the resultant stable isotope ratio in the shell mat&iakexample of a paleoenvironmental proxy which

has been extensly studiedi s t he shell 0 X Y¥@)eand it israutinelypused asoant e n t
(palegthermometeim sclerochronological and archeological studi®sodwin 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 Schdne 2017; Schéne et al. 2Bt shells precipitate their oxygem or close to
equilibrium with the oxygen isotope composition of the ambient waitdr no known metabolic effest
influencingtheir G*0 (Wefer and Berger 1991naking it aeliable tracer for temperature and geochemical
changes of the wateDne of the first empirical paleotemperature equationthe equilibrium precipitation

of carbonatesvas developed bgGrossman and Ku 1986)

O (WM IFTO O T, X
Where

1 t=temperature°C)
T ¢=U0*0 of carbonatedomparedo Viennai PeeDee belemnitgandardV-PDB) i n &)

T w =00 of water comparedo Viennai standard mean oceanic watetrB™MMOW) i n a) .

There are now severphleotemperature equatioasailable for different mollusk speci€¢Butler et al.

2019) Since the correlation between shell oxygen isotopes and temperature is ngyathsgman and Ku

1986) wi t h a c h &0 gresporfdinglto azchahge teriperature of ca. 4.3 °C), more positive

it0 values will i ndi cat e %Ooedludsevarmer wateetemperatuSshdmer e ne g
and Surge 2012sing the shelli*®O and growth lines, speciepecific optimal temperature ranges can

also be determined, due to the spesiescific physiological tolerances influencing shell grog&ehore

2008) Furthermore, combiningit®O 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 timéschdne and Surge 2012)

Stabl e i 8O taodfersiofterf measured together and usually along the shells growth direction
to monitor changes throughout the lifetime of the molijM#kano et al. 2018a; Milano et al. 2022; Milano
et al. 2020)Changes in freshwater input and salinity can be detected using*#0th a A*@, 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 addsa@@ thus lighter isotopes to river water)

Shel | s i HCmainly ftomalisselvediinorganic carbon (DIC) in the water and to a minor extent
metabolic CQ (McConnaughey and Gillikin 2008) | nt e r pYC signal is gery thalkengiaig due to

the many factors influencing the isotopic composition of the skalth as physiological factors, food
availability, or varying water DIC levels (including freshwater infulleton et al2006; McConnaughey

and Gillikin 2008) which would also influence thapparent“C age and the local reservoir effect (e.g.,
(Culletonetal. 2006As most of t he c a0 shouldhaetipesams originé8inf or t h
the shell, measuring radiocar boACdata@myicetvdrsasirceh el |
the same origin can represent different influences on the respective skpraéxample, incorporating
carbon from | iCamvardsmere positive valued) buf at thelsame time will be depleted

in “C, hence shifting the signal towards older agéserefore, ombining 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 collectéowever, shell foraging and processing often
includes heating of shells that inflicts a transformation from aragonite to calcite and caesttoy the
microstructural pattern of the shell mate(iaihdauer et al. 2018; Milano et al. 2018b; Milano and Nehrke
2018; Milano et al. 2016puch shells cannot always be distinguished with certainty frorhpeated ones

during collection in the field, raising the question if the reservoir effect and stable isotope signatures are
affected by the heat exposufo far, the studies on heat exposure in shells have found that an exchange of
oxygen isotopes with the surrounding environment occurs dudating and it drastically alters the initial

shell isotopic compositiorfMilano et al. 2016) Even though the oxygen isotopes showed significant
changes in burnt shellg, was discovered that the radiocarbon ages from heated shells show a narrower
range of variability compared to unheated shglisdauer 2019; Lindauer et al. 2018his is pssibly due

to a closure of the shell structurggring heat exposure which prevents external carbon from entering the
shell structure even when polymorphic transformation has occ{liirediuer 2019; Lindauer et al. 2018)
Although heat significantly altethe appearance and mineralogy of sh&i3 AMS ages obtained on burnt

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

can be obtained even on heat processed ghaidauer 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 siteshells, there is a complex organization of calcium carbonate (§aCO
units and organic compounds with extraordinary resistance to mechanical and chemical(Baetsdat

2010) Yet over long timescales, diagenesis can still alter their material prop@itigenesis encompasses

all physical and chemical processes occurring to the tissues after the death of the wahichakre
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 preservatimtetitey 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 indcates additional processes which might have affected the sbwe#.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 portionshefdhells. During recrystallizatiohd

primary carbonate phase, ofttre less stable polymorgharagonite transformsinto a secondarymore
stablephase, oftercalcite(Toffolo 2021) This process creates thetentialfor isotopic exchange and the
incorporation oexogenougarbon that can alter tA¢C signal and therefore the resulting égeftus et al.

2015; Webb et al. 2007%and blasting and abrasion were thought to remove surface contamination and
altered portions, assumed to also be concedtragnly on the outer portion of the shelidtempts have
alsobeen made to exclude diagenetically altered shell portions*fi@rdating through chemical etching,

but tHs methodology was not successful due to the higher solubility of aragonite compared tdq\¢itdeite

Finzi and Roberts 19845hell mineralogical composition can be determined usigeral different
technigues includingConfocal Raman Microscopy (CRNNehrke and Nouet 2011; Toffolo 2021)
Scanning Electron Microscopy (SENDauphin 2008; Toffolo 2021)Fourier Transform Infrared
Spectrometry (FTIRLoftus et al. 2015; Toffolo 2021gnd Xray diffraction (XRD(Douka et al. 2010;

Russo et al. 2010; Toffolo 2@Pwhich can allow for the detection of recrystallization in certain cdses

2010, a new prreatment 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 1C dates in heavily recrystallized shelBouka et al. 2010; Russo et al. 2050 will be discussed

more in Chapter 2. However, diagenetic processes can often occur without a change in carbonate
polymorphs, meaninghat 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(Guzman et al. 2009; Perrin 2004; Toffolo 202Eurthermore, 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 rg8dtson 2012) Additionally, some of the
samples which were determined as vpetiserved gave radiocarbon determinations which despite that were
statistical outliergBarton 2012)JTherefore, 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 examirtdtiba orgaic matter preservation
(Guzman 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. 20@@ever, as shells are biogenic structures,

they contain a small portion of organic matter as well (< 5 wiepayashi 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 alVhe8k:r

and Sikes 1984 Biomineralization in mollusk shells constitutes of a series of organic niamnidiated
processes which result in the formation of the calcium carbonate structures (Falini et al. 1996; Weiner and
Dove 2003). The functions performed by different mataxstituents in mollusk shells are still poorly
understood, yet it is clear that they have important roles in biomineraliZiitimtelman et al. 2006; Suzuki

and Nagasawa 2013; Weiner 1979; Weiner and Hood 19F&)organic matriis also thought to take part

in cell signaling, enzymatigvarin et al. 2012; Marin et al. 2007; Marin et al. 20489 immunity functions
(Arivalagan et al. 2017)t is often divided into two biochemically and functionally distinct units: a soluble

and an insoluble fractioiGrégoire 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 1984In the insoluble fraction, glycine, alanine, pikalanine and tyrosine are the

main amino acids constituting the proteins, which are crosslinked by phenoloxidase making this fraction
insoluble(Weiner et al. 1983)0n the other hand, the proteins of the soluble matrix are rich in aspartic acid
and to a lesser extent glutamic a@ideiner 1979; Weiner et al. 1983)he 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 morpholgyzuki and Nagasawa 2013; Weiner

and Hood 1975; Weiner and Traub 1980; Weiner et al. 1983kcent study found that the organic
intracrystalline matrix also plays an important role in the diagenetic mineralogical transformation from
aragonite to calcitéMilano and Nehrke 2018)Even though its composition and functions have been
studied since the late 1900s, m®hers have only recently started using the organic fraction for
radiocarbon datinHadden et al. 2018; Hadden et al. 2048) stable isotope studi@Sarroll et al. 2006;
Ellis et al . 2014, Mi sarti et al . . RufAhgrihgre, Ovda® o nne | |
demonstrated that the intracrystalline organic matrix represents a closed system that should be unaffected
by diagenetic processé@enkman et al. 2008y herefore, investigating tHéC of the organic matrix could

allow us to potetially 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 availablegeanvironmental proxies.
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1.4. PROJECTAIM

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 welpreserved remains in mararcheological 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 constructiewaadiocarbon
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 theidy 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 coraplexand comes with many sources

of uncertainty, leaving ample room for improvemethapters 2 and 3 of this thesis focusestablishing

and applying novelmethodological approachesconcerning the pretreatmer@nd measuremenof
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 wiigas an important role ingtbiomineralization 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 CHAPTERZ2 - 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 usedtCriebgyratories,
although another pretreatment protokabwn as CarD$Carbonate Density Separation) was introduced
just over a decade ag@/e compare these two methods targeting the carbonate frasttbrtwo newly
proposednethods aimingtextracing the intracellular organic fraction of the shetich has been largely
overlooked by the radiocarbon communitye tested the methods on modern shell specimens first to make
adjustments to the protocols if and when neces¥sgthenapplied all four methods to samples selected

from different archeological layers of the wkliown Upper Paleolithic site of Vale Boi.
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The results of this study have bestreptedo the Radiocarbon journal for peer review imanuscript
titled ATo date or not YCeretch@rmeatmethodsamphed ta aréheological o f
marine shell s fr obr a/opd rea BBaseppe Paliki, tukag Wacker, Marcello A.
Mannino, Nuno Bicho, Jodo Cascalheira, Alessandro G. Rombola, Daniele Fabbri, Sahra Talamo.

1.4.2 CHAPTER3T STABLE ISOTOPE ANALYSIS IN THE SHELL ORGANIC MATRIX

Thesecondhapter of this thesiavestigates 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 mech Mytilus galloprovincials shells we measurgéheir hydrogen and
oxygenstableisotopecompositionsThe shells were collected from three sites in Cantabria, Northern Spain
located along &oast to-upper estuargnvironmentaljradient which allowed for a study of the effect of

different environmental parameters on the stable isotope composition

The results obtained in this stuldgve beesubmitted for publication iNature Communications Chemistry
in a manuscript titled:AStable isotopes in the shell organic matrix for (paleo)environmental

reconstructions Dr a g a n a , Befdnia Milano, Igor Gutiérrezugasti, Sahra Talamo.
1.4.3 CHAPTER4 T 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 futwapplications.
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CHAPTER 2- SHELL PRETREATMENT FOR RADIOCARBON
DATING

2.1.STATE OF THE ART AND PROBLEM STATEMENT

As mentioned in the intduction of this thesis, ollusk 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 ornameses(giahmoand

Haws 2008; Cascalheira et al. 2012; Douka 2011; Tata et al..20&HQsk shells provide highesolution

records of past environmental conditions and fluctuations, which are reflecteccariloeate structure as
variable growth rates and chemical propertiSshone 2008)Shell stable isotopes have been used
extensively in the literature to estimate and reconstruct paleoenvironmental conditions, namely
temperature, precipitatieevaporation patterns, upwellifigtensity,and primary productivityElliot et al.

2009; Jones and Allmon 1995; Milano et al. 2022; Milano et al. 2020; Sadler et al. 2012; Schone et al.
2004) Apart from past environmental conditions, shell remains represent a mactrd evolutionary

history of different human populations, their adaptation strategies, dietary habits, and symbolic thinking
(RamosMuiioz et al. 2016; Will et al. 2019; Zilh&o et al. 201DYe to the elevated preservation potential

of the carbonate crystalline structure, shells can often be the only available materials at archeological sites
useful for'4C dating(Brumm et al. 2018; Douka et al. 2013; Ono et al. 20@8)vever, dating only shells

can lead to misinterpretations due to various potessalkis 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 coul
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 carbomirty 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 fresfieateior 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 ewution. The debate on the site of Ksar Akil in Lebanon highlights the issue

of using only shells when constructing a site chronol@psch et al. 2015; Douka et al. 2018) Ksar

Akil, the human remains and any other organic material, were too degraded to be able td-{iedatimg,

and the only other available material was mollusk sBtsch et al. 2015; Douka et al. 201Bhe results

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

remains in Europe, thus casting doubts on the Levattiegsoint of origin for the dispersal of Upper

61



Paleolithic culture into Europe. On the other handcBas al. (2015) showed that the human remains from

Ksar Akil predate the European Upper Paleolithic as previously thought, confirming the hypotliesis of
Levant as the starting dispersal point of Upper Paleolithic culture into E(Beffer-Cohen and Goring

Morris 2012; Bosch et al. 2015; Hublin 2012he two studies used two different shell pretreatment
methodsand different sample selection criteri@hich might have beepart of the reason behihthe
discrepancy of the dateEhe sample preservation state was also different, as one study used ornamental
shells, while the other used shells collected for consumgpBosch et al. 2015; Douka et al. 20185
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 anihcrease the reliability of shells astalile dating materials.

Although the'C dating of shells has been improved over the y@dves 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. 201fere are still issues hindering the reliability of the chronometric data. In
shells, there is a complex organization of calcium carbonate (ga@ids and organic compounds with
extraordinary resistance to mechanical and chemical str@@arkelat 2011 Yet, over long timescales,
diagenesis can still alter their material propstti€he 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 samplis. drésof the processes

which can cause a difference in the isotopic composition of the secondary phase compared to the primary
one and alter th¥C signal and therefore the resulting é9euka et al. 2010a5and blasting and abrasion

were thought to remove surfacentamination 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 tH€ dating analysis, which is performed on the entire carbonate fraction. This
method has been widely used since the first applicatiof€afating on marine shells, and variations of it

are still applied in most laboratories around the w{Blabck et al. 2010; Busschers et al. 2014; Chdppel

and Polach 1972; Dee et al. 2019; Gillespie et al. 1986; Santos et al. 20@4)er, 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)is method showed promising results fae temoval of secondary

calcite from diagenetically altered corals and mollusk shells'tbdating, 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 sdDpika 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 presencarmuat of diagenesis in the sample (Guzman et

al. 2009; Perrin 2004, Toffolo 202lthough there are studies focusingtbepretreatment of the mineral
fraction of the shell, the organic fraction was largely overlooked as it represents a minor pdheshel
(Hadden et al. 2018; Hadden et al. 20¥9)ecent study found that the organic intracrystalline matrix plays

an important role in the diagenetic mineralogical transformdtititano and Nehrke 2018)heir 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 matrixs a closed system thags found to be isolated from tBavironmen{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. 20I®)erefore, investigating thEC 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 litergibe® 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 p(e&diniset al. 2013; Reggi

et al. 2014) The advantage of this method is the use of a dialysis membrane, whick @llextract both

the soluble and the insoluble organic matrix from the shell and mirsthiedoss 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 fot*C dating(Talamo et al. 2021; Talamo and Richards 20Cbmparing thé*C dates obtained

from all four methods we could determine the best method to routinely appiyollusk shellswhich

would exclude pretreatment as an issue when considering the use of shells for radiocarbon dating. This will
be one step towardschiewng morereliable results and helgy 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 wktiown Upper Paleolithic site in southwest@wortugal(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 recordetHomo sapien®ccupation in southwestern Iberia, as attested by the Early Gravettian
remains dated to c. 32 ka cal BBicho et al. 2013)This site has a long stratigraphic sequence spanning
from the early Gravettian, Protolutrean, Solutrean, and Magdalen@ascalheira et al.012; Manne et

al. 2012; Marreiros et al. 201%revious 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 resancbeding mollusk shelléBicho

and Haws 2008; Bicho et al. 2013; Cascalheira et al. 2012; Manne et al. 20dBgrmore, there was an
intense presence of inland and coastal foraging, hunting, and pnaceésarious 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 beé8ieho and Haws 2008; Bicho et al. 2013; Manne 2014; Manne et

al. 2012; Marreiros et al. 2015; Pereira et al. 2016; Tata et al..Z0ielpresence 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 sequendeadlowing us to select and pretreat samples of different
ages for comparison. Vale Blaais been excavatedthiree main aredsthe Rockshelter, Slope and Terrace
areag(Figure 12) Out of these three areas, the Terrace has the longest and most complete archeological
sequencéCascalheira et al. 2012; Manne et al. 2012; Marreiros et al. 20l&evious studies, numerous

14C dateswere available from all areas of the site, including dates on mollusk shells from the Eegace
(Table 2). Howevertherewere some problems with the dates in terms of agreement with the stratigraphic
sequence that need further investigati@ascalheira et al. 2012Access 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 siteartugalat the Southwestern tip of the Iberian
Peninsulaon thebottom right two archeological shell specimens collected in the Terrace area of the site
Pectensp. (top) andCrassostreap. (bottom).
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Figure 12. The Vale Boi excavation areasRockshelter; 2 and BSlope and 4 Terrace

(Figure modified after Cascalheira et al. 2012)
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Table2. Previous dates on samples from the Terrace area of the Vale Boi site.

Archeological

14C

10

o Layer Material AMS code Notes Reference
attribution age err
Epipaleolithic 3 Charcoal AA-63310 | 8696 54 Tata et al. 2014
Epipaleolithic 3 Charcoal Wk-13685 | 8749 | 58 Tata et al. 2014
Epipaleolithic 3 Charcoal AA-63305 | 8825 57 Tata et al. 2014
Epipaleolithic 3 Charcoal WKk-24761 | 8886 30 Tata et al. 2014
Epipaleolithic 3 Olea Wk-36256 | 8737 25 Tata et al. 2014
Epipaleolithic 3 Olea WKk-36255 | 8664 | 25 Tata et al. 2014
Gravettian 5 Patella WKk-32144 | 24381 | 258 Calcite Tata et al. 2014
Gravettian 5 Bone Wk-31090 | 24549 | 165 |on¢néoallgzlen Tata et al. 2014
Gravettian 5 Charcoal WKk-24762 | 24769 | 180 Tata et al. 2014
Gravettian 5 Patella WKk-32144.2| 23613 | 240 Aragonite | Tata et al. 2014
Proto- Solutrean| 5 Patella Wk-50390 | 20554 | 75 Tata et al. 2014
ProtoSolutrean| 5 Shell Wk-42831 | 20329 | 90 Cascalheira et
al. 2017
ProtoSolutrean| 5 Charcoal | Wk-42830 | 20818 | 107 Ca;caz'gi';a et
Gravettian 5 LhoMNA | Wk-44416 | 22358 | 80 Be'”;gglet al
Gravettian 5 Bone Wk-31089 | 24183 | 161 | | Min. agel | 155 et al. 2014
ow collagen
Gravettian 5 Patella OxA-25710 | 25050 | 100 Calcite Tata et al. 2014
Gravettian 5 Pecten | Wk-32145 | 25181 | 293 M'B'u o9 | Tata et al. 2014
Gravettian 5 Patella Wk-30677 | 25196 | 103 Calcite Tata et al. 2014
Gravettian 5 Patella Wk-30679 | 25317 | 99 Calcite Tata et al. 2014
Gravettian 5 Charcoal WKk-26801 | 27720 | 370 Tata etal. 2014
Gravettian 5 Patella WKk-30677.2| 22235| 173 Aragonite | Tata et al. 2014
Gravettian 5 Patella WK-30679.2| 25390 | 255 Aragonite | Tataetal. 2014
Early Gravettian| 6 Patella Wk-30678 | 25579 | 98 Calcite Tata et al. 2014
Early Gravettian| 7 Nassarius Wk-35714 | 25964 | 110 Calcite Tata et al. 2014
Early Gravettian| 6 Pecten WKk-35712 | 26026 | 114 Tata et al. 2014
Early Gravettian| 6 Pecten Wk-35713 | 25930 | 122 Aragonite | Tataetal. 2014
Early Gravettian| 7 Acanthocardia Wk-32147 | 27141 | 365 Aragonite | Tata et al. 2014
Early Gravettian| 6 Charcoal Wk-35717 | 28012 | 192 Arbutus Tata et al. 2014
Early Gravettian| 6 Pecten Wk-32146 | 28321 | 422 Calcite Tata et al. 2014
Early Gravettian| 6 Pecten Wk-50396 | 41384 | 998 Tata et al. 2014
Early Gravettian| 7 Patella Wk-30676 | 24318 | 90 Calcite Tata et al. 2014
Early Gravettian| 7 Patella WKk-30676.2| 26353 | 284 Aragonite | Tataetal. 2014
Early Gravettian| 7 Pecten Wk-50394 | 26403 | 149 Tata et al. 2014
Early Gravettian| 8 Pecten Wk-50393 | 27349 | 172 Unpublished
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2.3MATERIALS AND METHODS

We performed analysis aidC 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 samapidsafyer 6 in the Terrace area

of Vale Boi were dated.

The bone samples were pretreated following the standardhas@hcid method followed by ultrafiltration
(Talamo et al. 2021; Talamo and Richards 2Gitthe Department of Human Evolution at the Max Planck
Institute for Evolutionary Anthropology (Leipzig, Germany). Thecelerator Mass Spectrometfg&MS)
dates were obtained at the at the Kidgshira AMS laboratory of the CuBEngelhomCentre for

Achaeometry (CEZA; Mannheim, Germany).

All selectedshell samples were given the unique identifying BRAVHO lab number (BRA n°) and their
stratigraphic position is shown kigure B.

Figure 13. The samples used in this study shown as red dots in their sampling positions within each

archeologicalayer 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 metideithhod A was based on a protocol
routinely used in organic matrix extraction from modern coral and mollusk sa(alesi et al. 2013;

Reggi et al. 2014Method B was developed based on the routine collagen extraction protocol used in the
BRAVHO '“C laboratory (Bologna Radiocarbon Laboratory Devoted to Human Evolution). Method C
corresponds to the CarDS proto¢Dbuka et al. 2010a; Russo et al. 20463 Method D to the standard

acid etchingpretreatment used in most laboratories across the \(iDed et al. 2019)

Method A- Organic matrix extraction via dialysisprocess 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@B% sodium hypochlorite solution overnight.

This bleaching step is aimed at removing external organic matter from the sample, as it can be
contaminatingPenkman et al. 2008)\fter these cleaning steps, the shells were rinsed in deionized water
several times to wash off the sodium hypochlorite and any loose debris and leftitp laéforehand
crushing them to powder in an agate moffagure 4). Then the crushed shells were further crushed in an
automatic mill to obtain a finer powd@figure ). The obtained powder was sieved with a 150 pum mesh
stainless steel sieEigure Y), and 2.5 g of each sample were put into labelled glass tubes. The powdered
samples were once again left ivd@.% sodium hypochlorite solution overnight for a thorough removal of
nortintracrystalline organic material, rinsed three times with deionized watatrgattout in the oven for

two days at 60C. The powder was then transferred into regenerated cellulose membranes for dialysis
(MWCO = 3.5 kDa)jnd dispersedith 5 ml of deionized water. The sealed membranes were then put into
1L ofa0.1 M CHCOOH solution under stirringFigure 15) The solution was changed every five days

until the samples were decalcified, subsequently it was replaced by deionized water to reach ag@H value
around 6. The obtained dispersion containing organic matter was centr@ug®d0 rpm (2301 x g) for 5

min to separate the solulflEuid) and insolubld€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 150agm mesh
described for Method A. The powder was then inserted into labelled test tubes together with a defined
volume ofa0.5 M HCI solution. The solution was periodically changed until the powder stopped producing
effervescence. Then, the acid was pipetted away, and the samples were washed in deionize@eavater thr
times before proceeding with another 15 min HCI (@)Step. Then the samples were washed in deionized
water three times again before being put in a pH 3 (0.001 M) HCI 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 lyophilizddhis method was based ¢halamo et al. 2021 Wwith modifications

to account for the different material typ&dternatively, centrifugation can also be used to separate the two
fractions, as described for Method A. As opposed to Method A, the solutlierfrés mostly lost during

pretreatment in this case as it is not protected by the dialysis membrane.

Figure 4. (a) Shell specimen before cleanjrigont (top) and back (bottom{b) roughly crushed sample
after cleaning(c) automatic mill used to crush the samples into fine powder; (djelie used to obtain a

homogeneoupowder 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 WO @am mesh stainless steel sieve as for the
previous methods. An iXay Diffraction (XRD) analysis was performed on the powder to identify the
proportions of aragonite and calcite before proceeding with the separation protocol. A portioii 80000

mg of powder was then inserted into a 10 ml test tube where 4 ml of 99 % bromoform solution and 250
350 pl of toluene were added. The mixture was then centrifuged for 20 min at 3500 rpm to separate the two
polymorphs. The supernatant (presumable tgléraction 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 aufBargka et al. 2010a; Russoadt 2010)

Method Di Acid etching: This pretreatment consisted of mechanical surface cleaning followed by an acid
etching of the shell surface t@move the outermosayer. In the case of the shells used for these

experiments, the etching duration was from 3 to 5 minutes. The shells were then groarficdépowder

and sieved with a stainless steel 150 um mesh as for the other methods. The potaderd were then
sent for AMS dating. For this method, we followed the protocol describgkeia et al. 2019)

@ o

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 per@yrpdwderDiffraction analyses

of the powdered shell materidlll the analyses were performed usin@ANalytical X'Pert Pro MRDX-

ray diffractometefFigure 16).This allowedto detect the presence atig relative content afalcite and
aragonite before the pretreatment was performed and after, to seenifnia@l phaseseparation was
successful. Furthermore, XR@atternswere collectedon 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 verifyhat the calcitearagonite separation was complete and for Method D to have information

on the composition of the powder, which could help to interpret*@éate or the potential differences in

age among specimens. The raw XRD pattern files have been processed using the Profex 4.3.2a software
(Dobelin and Kleeberg 20150 determine the phases present in the powders (i.e., presence of

aragonite/calcite) and their relative quantity.

Figure 16. (a) XPert PRO Xray diffractometerwith (b) the X-ray tube (left) and detector(right)
goniometersvith a glass plate holding tlsample powdefcenter)and (c) the ravXRD pattern file output.
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2.3.2.1. BASIC NOTIONS FOR THEXRD 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 pteeun 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 gf&jgiure 17) with each color ngresenting one of the
reference materials we searched for (In our case aragonite, calcite, some casequartz). 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, andfdrence patterns given by the software by default in black, red, blue, and
gray color respectivelfFigure 17) Usually, the observed, and calcelhpatterns 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, $iown 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(pltases17) Ideally, the
difference should only show background noise, withsigmificant 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 structureiffiétece

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
phases present in the material we @nalyzing, 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 dljides 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.

73



' Profex 4.3.2a
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Figure 17. Profex 4.3.2a software interface showing the refinement figoofvder mixture of aragonite
and calciteshowing the observedalculated, background, and difference pattatosg with the two target
phasesThe statistical parameters showing the degree of agreement to the reference database are shown on
the bottom lefandthe chemical compaosition in percentages of the two plimsbswn on the bottom right
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2.3.3.GRAPHITIZATION AND CO, 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, CQextraction 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 samplesllagerc 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 hol@esoni et al. 2033To be able to
convertCQ; to graphite in the AGHII graphitization systenwe need iron as catalysthich results ina

mixture of graphite and iron (more iron than graphiehe targetin the ion sourcef the AMS acesium

beam is directed to the targaeatingcarbon ionsandthis processs diluted by the iron present in the

target The more iron is present, the lower the ion yialtl thus the current will bén the AGE,
graphitization requires at least 3 mg of Fe for 1 mg of C. If the sasoptaindess than 1mg of C, the ratio

of Fe:C willincreaseso current wildecreaseThus, br four of the samples with lower weight yields, only

2mg of Fe was used during graphitization in order to allowstdficient AMS ion currentFurthermore,
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) vialotbe dated. For all samples dated, phthalic acid blanks graphitized in the

BRAVHO laboratorywere 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 methddsnd 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. STEP1T MODERN SPECIMENS

The first step aimed to establish the protocols for each method and was completed using modern specimens
of four different species of shelld?ecten maximus; Crassostrea gigas; Mytilep; 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 summarize&igure B.

Method A Method B Method C Method D

3 3
— — I
— Cleani ~—— 50% ~~—— 4% HCI
. — eaning .
Cleaning 5% NaClO NaOH 3-5min
___J Overnight Overnight

= Dialysis 0.5M S ; 4ml Bromofi
. .. . eparation omotorm
Demineralization 0.1M D HCI p 250 - 350pl Toluene
CH,COOH
n 70°C o=\ Centri
I . . o) Centrifuge
Gelatinization x W HCI pH3 Centrifugation @' 3500rpm x
A Overnight ( 20min
. ;“_\, Centrifuge Wash Dichloromethane
Separation @’ ' 3500rpm Eeze filter
Smin

Freeze-dry: Air-dry/Oven dry

LiOphilization Insoluble QO Soluble  Insoluble QO Soluble D ying Aragonite OO Calcite O fréif:::tc
a IC

Figure18: Summary and comparison of the four methods tested, with red crosses for steps not performed.
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Table3. 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 Step1 - Modern specimens
BRAVHO ' Area of Stgrt End weight (mg)
lab code Species origin Method | weight Solublg/ Insolu.ble Comment
(mg) Aragonite | /Calcite
BRA 5070.1| R. philippinarum | Chioggia A 2522 0.5 1.1
BRA 5071.1| R. philippinarum | Chioggia A 2638 0.9 184
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
BRA5200.1]  Mytilussp. Chioggia | A 2497 1.6 1g | Cleaning step
in fridge
BRA5200.2|  Mytilussp. Chioggia | A 2686 0.3 26 C'ezrt";% ster
. L Cleaning step
BRA 5194.1 Mytilus sp. Chioggia A 2645 1.2 6.5 in fridge
BRA5194.2|  Mytilussp. Chioggia | A 2977 0.2 3.0 C'ezrt"gi step
. L Whole shell
BRA 5211 Mytilus sp. Chioggia A 7242 3.4 19.1 used- fridge
. . . Whole shell
BRA 5191 Mytilus sp. Chioggia A 5141 1.8 4.6 used- fridge
BRA 5201 Mytilus sp. Chioggia B 6913 3.1 77.1
BRA 5193 Mytilus sp. Chioggia B 4896 1.9 53.9
Sticky
BRA 5200 Mytilus sp. Chioggia B 290 0.5 0.6 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
498 + Two
BRA 5196 Mytilus sp. Chioggia C 2012 4577 604.1 separations
done
. .y 845.2 + Two
BRA 5192 Mytilus sp. Chioggia C 2220 331 926.0 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 specimeRs of
philippinarum, C. gigas, Mytilusp.andP. maximusand 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 amoura$ powdered shells were used to determine the best option for

an optimal extraction of the organic matrix.

Method Bi1 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 mwbalgy due to the dissolution in test
tubes as opposed to Method A, where the dissolution was performed in dialysis membrandargeside

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 patthisfexperiment, 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 solutioaraguhite will deposit.

Russo and colleagu€Russo et al. 201Q)sed a range from 250 to 350 pl 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 pBSubsequently, 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 toluengeguasifor the previous step.

Modern specimens d¥lytilus sp. were also used to verify the efficacy of Method C since this species

naturally presents both calcite and aragonite.

Method D1 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 simultangouhe 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 thesdifferenc
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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. STEP2T 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 contextGrassostreasp. and Pectensp.
(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 froensime layer and same species to be able to compare

the'C dates resulting from the different methods.
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Table4. Information on théArcheologicalsamples 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 Start End weight (mg)
Species Method SU weight
code Soluble/Aragonitg Insoluble/Calcite
(mg)
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 19 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 19 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 i
GC-MS)

Analytical pyrolysis is a powerful technique capable to provide chemical information of the organic matter
at a molecular level. The use of -BC-MS to characterize the chemical composition of natural organic
matter has been reported in studies relatedlitierences in'“C ages(FerroVazquez et al. 2019)
Furthermore, P\GC-MS was used to identify possible changes in the composition of fresh m{Msel
galloprovincialig after exposure to cyanotoxifBiez-Quijada et al. 2020)Analytical pyrolysis has also
been applied to the characterization of the iskeletal organic matrix in hard corgladamiano et al.
2014)

For this study, malyses by P\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 materitlei samples. PEC-MS analysis was
performed using an EGA/RZ030D micrefurnace pyrolyser (Frontier Laboratories Ltd., Japan) coupled
with a 7890 Agilent HP gas chromatograph (GC) connected to a 5977 Agilent HP quadrupole mass
spectromter (MS) (Agilent Technologies, USArigure 19. A small crucible capsule containing weighed
shell sample (2 mg) was introduced into the furnace and then pyrolyzed at 600 °C for 100 s using helium
as carrier gas (1 mL mif) and an interface temperature of 280 °C. The evolved gases were then directly
injected into the GEMS for analysis. The GC injector was operated in split mode with a 10:1 ratio at 280
°C. Pyrolysis products were separated by a3WM5 fused silica capillgr column (stationary phase

poly 5% di phenyl /95% di methyl]siloxane, 30 m I
Technologies, USA) with the following temperature program: 50 °C to 300 °C at 10 “Cthrén hold for

10 min at 300 °C, using helium as carrier gas (1 mLY%nilthe MS was operated in El positive mode
(70eV, scanning 4%00 m/z) with transfer line temperature 250 °C, ion source temperature 230 °C and
guadrupole temperature 150 °C. Tentative identification of the pyrolysis products was performed by
comparison wh MSlibrary and published studies.
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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. MethodrCthe 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 mettgidsiain 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 Methds 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 Odltevta
maximumof 2.0wt.% of the initial shell weight, with the mean value of @#% for modern shells and
0.5wt.% for archeological shells for Method A, and: A% and 0.7wvt.% for modern and archeological

shells respectively for Method B.onsidering that the organic matter content in mollusk shells makes up
for 0.01- 5% of the shell weighfBerger 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 losgedal, it was
expected to obtain such low valu&sirthermore, 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 preseif@stger 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 dbe tese of the dialysis
technigue as opposed to direct dissolution used in Method B, which causes most of the soluble fraction to
be lost during pretreatmerfor methods C and D, the carbonate fraction is used, thus resulting in a higher
weight yield after pretreatment (from 12v2.% to 81.3wt.% of the initial weight). The mean weight yield

for Method C was 69t. % for modern shells, and 66:8.% for archeological shells, while for Method D

the mean values were 398.% and 32.2vt.% for modern and aheological shells respectivelin the

case of Met hod C, the materi al | ost i's mostly due
imply the use of acid to dissolve the shell. This explains the yield difference between Methods C and D
since the latter usesacid to purposefully dissolve the outer portion of the shell. As the authors of Method

C (Douka et al. 2010aIso 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 slightower for archeological shells, as the

partially degraded material is maeactive
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Table5. Weight yields for all four methods, and for modern antheologicabamples.

Modern specimens

Archeological specimens

84

BRAVHO lab Yield (wt.% of BRAVHO Yield (wt.% of
code Method initial weight) lab code Method 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 13 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
BRA5071.2 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 15
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




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 #sgectations, 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 completas well as traces of quartz in sootbercases (Figur@0). 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 amorphotgamic 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 irismitiblethere 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 mint 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 (FigLireThe bulging of the graphs, or
deviation from the zero of the background value shows an amorphous naturearhfite. The difference

values for these graphs are not high, although there are some unidentified peaks in both fractions which

would require further investigation in caseanfheologicabamples
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Figure20. 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
(Figure21). In this case we have some aragonite left in the insoluble fraction afghric matrixas shown
by the turquoiseolored peaks, in correspondence with the turquoise reference points shown at the top of
the graph representing the typical peak positions of refeaeagenite. In this saple the difference is very

low so we can assume to have discovered all present phases in these samples.
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Figure21. 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 g2gdree
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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Figure22. 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 (Fi@®e
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Figure23. 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 viok). Figure
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 thelks. In the soluble fraction we have andenitified peak present at the
diffraction angle of 32°@ which is also seen in the difference portion of the graph. This would require
furtherinvestigation 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.
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Figure24. 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 (Fidiile A small unidentified peak around the diffraction
angle of 32°d@ 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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Figure25. 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 (FA@ura the soluble fraction we have no peaks

present indicating a completely amorphous sample, as was expected.
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Figure26. 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 (Figdye@nly the peak present at a
diffraction angle 23°@could be relevant in the case of archeological samples. The soluble fraction shows

a completely amorphous phase with no relevant peaks present.
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Figure ZZ. 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 &igure 2
As for BRA 5191 only the peak present at a diffraction angle 2882ild 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.
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Figure B. 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 amorphou#hwio significant peaks showing (Figur@)2
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Figure B. 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 (Figur8)3However, 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 raubocdating.
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Figure 3. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5200.2

91



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 danes of quartz, and the soluble fraction is

shown as amorphous with no significant peaks showing (Fbre
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Figure31. 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 (E&uirfowever, we

see a low intensity unidentified peak around the diffraction angle otizZ®°h some previously analyzed
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Figure32. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5194.2
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The two graphs in Figurg3 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 showrplvs gvdh 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 saRPpIBIB3 we

can see a small quartz peak around the diffraction angle of,2&7@ for sample BRA 5200 we can see a
small peak around the diffraction angle of 32%hich 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.
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Figure33. XRD graphs of the insoluble and soluble fractions extracted from all modern samples treated
with Method B.

All toluenevolumes used in this experiment were successful in making the pure aragonite deposit and the
pure calcite float (Figurd4). 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 ptdteoBoth the aragonitic and

calcite fractions presented a small amount of the other polymorph (Table 6).
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Figure34. Top row: Pure aragonite powders; Bottom row: Pure calcite powders; Both in three different
intermediate density solutions using 250, 300, and 350 pl 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 (ul) 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 pl in the 4 ml
bromoform solution) producing an intermediaeals i t y sol uti on, showed in th
wt. % of aragonite and 28.3 wt.% of <calcite, while
and 25.39 wt.% of aragonite (Table 6). Even though the aragonite fraction did contain aregtinite,

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 (Bigure
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Figure35. The aragonite and calcite fractions after the application of Method C using 250ul of toluene.
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Using the intermediate toluene volume of 300 OI, i
of aragonite and 19 wt. % of calcite, while the fAc
wt.% of aragonite. As in the previous eathe separation was not complete, and we found both calcite and
aragonite peaks in both XRD graphs (Fig86. However, using this volume of toluene caused a better

separation compared to the previous one.
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Figure36. The aragonite and calcite fractions after the application of Method C using 300ul of toluene.

Finall vy, using the highest toluene volume from th
55.11 wt.% of aragonite and 44.89t . % o f cal cit e, and the dcalcite
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 edteiteseparation (44.89%

calcite; Figure 3). 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 ppeared complete using all three concentrations (Figg)reTBere was a clear difference

in the efficiency of the three toluene quantities tested, with the most efficient option being the intermediate

volume of 300 ul when considering both fractions, as was stated by Russo et al. (2010).
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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, Figuré®340).

The graph in Figure®Bshows 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.
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Figure 3. 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 graphdHigure40, 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 wheaselespbmed to be mixed.

Therefore, for modern shells the separation was
containing from 39.06 to 88.44% of calcite, even after two separations (Table 7). In #dgtie 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 i percentages before separation; Aragonite/Calcitee two resulting fractions; Aragonitei2

resulting fraction after two centrifugations.

Intensity (counts)

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
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Figure40. 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 mixtucaelafe and aragonite in similar
proportions among all analyzed samples (Table 8, FiglireWhen 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
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Figure 4. 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 withsignificant peaks (Figuré2). 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 quanidyedtl
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.
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Figure42. 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 (Figuret3 and44). Before pretreatment all specimens showed mostly calcite, while sample

BRA 4952 showed mostly aragonite (Table 9).
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Figure43. XRD graphs of the archeological shells before applying Method C
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Figure44. 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; Fig@and44). 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 tetiteely separate high Mg calcite (HMC) from low Mg calcite (LMC) hrese
samples, as was stated possible by the authors of the n{&hokia 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 diffences 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 anotheriiglicatdifferences in
average Mg content (Figure8;310; 43 and44). 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. Wholé percentages before separation; Aragonite/Cailcite two resulting fractions.

Method C
BRAVHO lab _ Calcite Aragonite

code Fraction (wt.%) (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 Mathd 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 heavyrystallization. However, to trulgssesshe 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 ofrghaico matter
preservatio{Guzman et al. 2009; Perrin 2004; Toffolo 20239pme 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
seceted 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 pohanbn 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 Lay&s6 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 | 14CyBP | Error | Fraction | Layer Sample | 14CyBP | 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 | 14Cy 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 mhbterabtain 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. Thiy gample 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 wersutstantial in two out of three cases resulting in
226- and 207years 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 émofn La

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 gthebtained 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 resultsBased on previous results on charcoal samlét et al. 2014bhe
expected“C age for samples from Layer 3 was from ~8,660 to ~8,88BBl€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 Hevithin the same range of expected ages for Layer 5 (Tabléowevercompared

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 ~20j3@8,400 BP (Table). While the obtained ages for
Methods A and B on the same sample result significantly younger than expecte@, 7@ith87 and
5,054t77 BP respectively, the resulting ages for Methods C and D are similar to those expected with ~19
1 20,000 BP (Tabl@). Thesample pretreated with Method D falls within the range of previous dates, while
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both aragonite and calcittom Method Cgive a slightly younger agd.ayer 6 resulted in a higher
variability of ages, both considering the previéiddateon shellsand the'*C dates obtained in this study.
Previous results include an age of 41,384+998 BP along with most other dates on shells resé@ing in
ages ~2&8,000 BP (Tabl@). The carbonate fractions from the same sample collected in this layer resulted

in ages oR7,374t121 BP for Method C, angi3,416:240 BP for Method DThe two dates ohones 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 MAMS367. In Layer 6 the aragonite fractiomostly agrees with

the previous resulsn shellsHowever, there is a significant variability of dates for this lalfer.Layer 7,

the expected“C age range was around 24,3007,100 BP based on previous shell dates (T2hl&he

age obtained for the sample from this layer pretreated with Method D falls wiikimange 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 phelidates

were everolder (Table2). Whenconsidering only dates obtained Bectensp. for layers 5 7, our dates

from Method C are considerably younger, with Method D showing clgeestill 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 MAM39366 and 20,260+80 BP for sample MAMS367.

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 perform3C-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 rdecane to fietratiacontane, (2) aromatic hydrocarbons principally diphenyl, monocyclic
(from benzene to Chenzenes) and polyaromatiocydrocarbons (PAHs, indenes, naphthalenes,
phenanthrene and alkylated forms), (3) nitregentaining compounds (pyrroles, pyridines, aromatic and
long chain aliphatic nitriles), (4) aliphatic (fatty acids, palmitic and oleic acids) and aromatic oxyggenate

compounds (furaldehydes, phenols, benzofurans).
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Figure 45. MS-pyrograms from PYGC-MS of the insoluble fraction of archaeological samples. The
molecular structures were reported for some of the most intense peaksaiG8n disulphide; PA: palmitic

acid; SA: stearic acid; S: squalene; (0): alkenigsalkanes.
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2.5DISCUSSION

The weight yields obtained for Methods A and B were in line with the expectations based on literature and
previous result¢Berger et al. 1964; Hadden et al. 2018; Hadden et al. 2019; Marin et al. B0t &ver,

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 ammains relatively constant after the formation ofghell (Figure46).
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 graphitizatidris 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 $biscéptcontamination, the

effect of which, if present, will be much greater than in a higher yield sample. For example, the same
guantity of modern carbon introduced in a sample of 1mg would have a much more significant effect on

the radiocarbon age thama sample of 100mg.
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Figure46: (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)amteological (green) samples.
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