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Abstract

The study of shell middens and archaeological marine shells is important to investigate
palaeoenvironments and human development. Analytical methods, such as isotope anal-
yses, used for these reconstructions can only be trustworthy if the shells have not been
drastically changed by the effect of diagenesis or by human intervention, eg., heating of
the shells. These changes are difficult to quantify by the current methods, which are either
limited or destructive. In this thesis, a quantitative method for the assessment of diagen-
esis and the evidence of heating in sea shells has been proposed with Raman spectroscopy
(RS), which is based on the inelastic scattering of light, whereby a small difference in
the incoming and outgoing light energy provides highly sensitive spectroscopic informa-
tion. The quantitative analysis of the Raman spectrum involved peak fitting procedures
to obtain the peak position, amplitude and full width half maximum (FWHM) parame-
ters, which were then compared between modern and ancient Conomurezr fasciatus and
Nucella sp. shells to obtain markers of diagenesis. Modern Conomurex fasciatus shells
were heated at different temperatures and time conditions with the quantitative Raman
parameters compared across different heat-treatments that were later compared to burnt
archaeological Conomurex fasciatus fragments obtained from the same shell midden. The
results have proven that quantitative RS is responsive to diagenetic alterations and heat-
ing of sea shells with the most sensitive markers obtained for the FWHM of the L1, Lo
and v; peaks, which indicated an increase in the calcium carbonate crystallinity caused
by the degradation of the organic macromolecules that supported the strained mineral
lattice. An additional Raman marker of heating in sea shells was the peak intensity ratio
Ly /vy, which was also used to estimate the aragonite to calcite transition temperature;

therefore, demonstrating that RS is sensitive to indicate diagenesis in sea shells.
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Chapter 1

Introduction

1.1 Raman spectroscopy

1.1.1 The Raman effect

The Raman effect was discovered by Chandrasekhara Venkata Raman in 1928, who noted
that a fraction of a beam of coloured light entering a liquid was scattered with different
colours. He tested 60 different types of substances, demonstrating that the nature of the
scattered light depended on the type of sample [1]. In these first experiments, Raman used
only the sunlight from a heliostat that had been concentrated with a telescope objective [1].
Since then, many components have improved Raman spectroscopy (RS), such as the use
of monochromatic lasers to irradiate the sample and very precise sensors to detect the
smallest change in the frequency of the light [2].

The Raman effect is explained by the interaction between matter and light. The
interaction of light with a molecule polarises the electron cloud by distorting it around the
nuclei, generating the short-lived virtual states [3]. Thus, the Raman scattering occurs
for vibrations that cause a change in the polarisability of the electron cloud around the
nuclei [2,3]. Figure 1.1 shows the electric field from the laser perturbing the charges of the

20



1.1 Raman spectroscopy

Time —> Electron and
proton centre in
Photon eletric homogeneous
field f diatomic molecule
é) :

Forces on _

charges mcluded Induced dipole moment

by the external resulting from electron

photon field displacement

Figure 1.1: Displacement of the electric charges in the molecule by an external electric
field, inducing a dipole moment that oscillates at the photon frequency, as per [4], page
16.

molecule and creating a dipole moment [4]. As the electric field is not static and varies with
time at photon frequency, the polarisability varies slightly from the molecular vibrational
frequency [4]. Therefore, to describe this effect, it is necessary to first introduce concepts
about the electromagnetic radiation.

The fundamental properties of the wave description of electromagnetic radiation are
the wavelength (\), speed of the light (¢) and frequency (v). The relationship between

these properties are shown in Equation 1.1.

A= &

14

(1.1)

However, for vibrational spectroscopies, it is common to measure wavenumbers (7) instead

of measuring the frequency or wavelength of the light [2-4], where

1
U= —

(1.2)
21



1.1 Raman spectroscopy

and with 7 measured in centimetres (cm~1). For a green laser (A = 532 nm = 532 x10~7

cm), it will be as follows:
532nm ~ 18,797 cm™' = 1nm ~ 35.3 cm™ .

The electric field strength of a laser beam at a given time ¢ is written as
E = Eycos(2mvrt), (1.3)

where Fy is the electric field amplitude and vy, is the frequency of the incident laser
beam [2]. This electric field, when interacting with a molecule, will induce an electric
dipole moment P, where

P=aE (1.4)

and « is a proportionality constant called polarisability [2-4]. Thus, combining Equations

1.3 and 1.4, the electric dipole moment P can be written as
P = aEycos(2nvrt). (1.5)

Considering that a diatomic molecule interacts with the laser, if the molecule is vi-

brating with a frequency v,,, the atomic displacement g from equilibrium is
q = qo cos(2mup,t) (1.6)

where ¢p is the maximum vibrational amplitude of the molecule [2].
The polarisability « varies with the vibrational motions of the molecule; therefore, for

small amplitude of vibration, o can be approximated to a linear function of ¢, thus

9o
a_a0+(3(])0q0 + ... (1.7)

where «y is the polarisability at the equilibrium position and (da/dq)g is the rate of change

of « in respect to the change in ¢ at the equilibrium [2].

22



1.1 Raman spectroscopy

Finally, by combining Equations 1.5, 1.6 and 1.7, the induced dipole moment can be
written as

P = agEycos(2mvpt) + (goz) qoEo cos(2mvt) cos(2mupt), (1.8)
/0

which after the use of the trigonometric formula for the product of two cosines, becomes

P = agEycos(2mvpt) + % (gj) qoEo [cos{2m (v, + vm)t} + cos{2m(vr, — vm)t}]. (1.9)
0

In Equation 1.9, the first term represents the Rayleigh scattering, which is the elastic
scattering of an oscillating dipole radiating light with the same incident frequency vp,
[2,4]. The other two terms represent the Raman scattering, which is an inelastic light
scattering [2,4]. The second term, characterised by the frequency shift vy, 4 vy, represents
the anti-Stokes scattering, which is blue-shifted with respect from the incident laser beam
frequency. The Stokes scattering, represented by the frequency shift vy — v, is the
third term in Equation 1.9 and occurs when the scattered radiation is red-shifted from the
incident laser beam frequency [2,4]. For a vibration to be Raman-active, the rate of change
of the polarisability with the vibration must be different from zero, i.e., (0a/0q)o # 0 [2—4].

From Bohr’s frequency condition, the difference in the energy between two quantised

states (AFE) is proportional to the frequency (v) and given by
AE = hv, (1.10)

where h is the Planck’s constant (6.63 x 1073 m2kg/s) [2-4].

By combining Equations 1.1, 1.2 and 1.10; and the associated wavenumbers of the
laser v, and molecule vibration 7,,, the energy transition, caused by the Raman effect is
given by

AE =hc (g + 0py) (1.11)

where (71, +7,,) corresponds to the Raman shifts i.e., the Stokes and anti-Stokes scattering.
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1.1 Raman spectroscopy

Up, s positive in the case of anti-Stokes scattering, negative in the case of Stokes scattering
and zero for the Rayleigh scattering [4].

Figure 1.2 is a schematic illustration showing the energy levels and the spectrum
generated by the Stokes, anti-Stokes and Rayleigh scattering from a fictitious material.
When the electric field from an electromagnetic radiation (laser beam) interacts with
a molecule, a photon is momentarily absorbed and the molecule is raised to a virtual
energy state. A photon is then scattered when the molecule relaxes and returns to a lower
vibrational state [2,4]. The virtual energy state is not a quantum state of the molecule and
it is considered as a short-lived distortion of the electron-cloud caused by the oscillating
electric field of the incident laser beam [5]. In the Rayleigh scattering the transition
takes place from the ground state, with the scattered photon having the same frequency
of the incident photon [2,4]. For the Rayleigh scattering the Raman shift is zero. The
two Raman scatterings depend whether the scattered photon has higher or lower energy
compared to the incident laser beam photon. Molecules initially at the ground state give
rise to Stokes scattering, while molecules initially at a vibrational excited state will give
rise to the anti-Stokes scattering [2,4]. Since both Stokes and anti-Stokes lines represent
the same molecular vibrations, Raman spectrometers normally record only one scattering
mode.

The intensity of the Raman scattering (Ir) depends on the frequency (vr,) and intensity
(I1) of the exciting laser, the number of scattering molecules in a given state (N) and on
the rate of change of the polarisability of the molecules with the vibration (da/dq) [4,5];

being, therefore, expressed by

Oa

2
Ip < viILN (aq) : (1.12)

The Maxwell-Boltzmann distribution law states that the population ratio between the
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Figure 1.2: Example schematic illustration of showing the Raman Stokes and anti-Stokes
lines for a fictitious material as per [4], page 16. The dotted lines represent the virtual

energy states, while the numbers 0 and 1 represent the ground state and first vibrational

excited state, respectively.
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first excited state (P;) and ground level (Fp) is

Pi _apmr
= 1.1
P, e (1.13)

where AFE is the energy difference between two quantise states, k is the Boltzmann con-
stant (1.38 x 1072 J/K) and T is the absolute temperature [2,3,6]. Therefore, at room
temperature, there are more molecules at the ground state, the Stokes scattering peaks are
stronger than the anti-Stokes peaks [4], as shown in the illustration of Figure 1.2. Thus,

an intensity ratio between the Stokes and anti-Stokes scattering can be expressed by

IR(VL + l/m) _ (VL + Vm)4e—hum/kT
Ir(vp —vm) (v — vm)* ’

(1.14)

where vy, is the incident laser frequency, v, is the molecular vibrational frequency, k is
the Boltzmann constant and T' the absolute temperature [3,6].

Although Raman and infrared are vibrational spectroscopies, the way light interacts
with the molecule is different. In infrared spectroscopy, when the frequency of the incident
radiation matches that of a vibration, a molecule is raised to a vibrational excited state [3].
Thus, a loss in the frequency of the incident radiation is detected. The greatest absorption
in infrared is caused by a change in the dipole, and this will be most intense for asymmetric
vibrations [2,3]. On the other hand, symmetric vibrations cause the largest change in
polarisability; thus, giving rise to intense Raman scattering. This basic selection rule

explains why some vibrations are Raman active and infrared inactive and vice-versa.

1.1.2 General applications of Raman spectroscopy

Raman spectroscopy is a very versatile technique that can be employed in the analysis
of solids, liquids and gases. When carefully applied, it is a non-destructive technique
and it has been used in a broad range of applications, from materials sciences to art and

archaeology.
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Since the discovery of the Raman effect, RS has been mostly used in materials science
research and employed in studies of a broad range of materials, such as Kevlar, plastic
explosives or even spider silk fibres [7]. A key example use of RS has been for standard
characterisation of carbon systems [8,9]. RS can be used to determine the structure
of carbon and then classify it as disordered, amorphous or diamond-like [8,10-12]. In
the case of graphene, RS is well suited to discriminate graphite from graphene due to
changes in the shape, position and relative intensity of Raman bands with the number of
graphene layers [9]. Another application in materials sciences is in the area of mineralogy,
where RS has been used for the identification of minerals and gems [13-15], and gemstone
treatments, such as the filling of fissures with oil or epoxy resins for enhancing the gem’s
clarity [15,16] or the use of high temperature and high pressure treatments to alter the
colour of diamonds [16,17].

RS has also been used in forensic sciences, applied in the identification of pigments
and dyes in inks and paints [18], identification of drugs [19] and in the analyses of ev-
idence consisting in blood, body fluid [20] or transferred fibres [21]. Lately, there has
been an increasing use of RS in biology, pharmaceutical and medical sciences due to its
molecular-scale fingerprinting capacity. Examples are the study of biochemical changes
during malaria infection [22], identification of pathogens of urinary tract infection [23] and
the investigation of drug delivery systems [24]. RS is also foreseen as a potential diagnostic
tool for cancer due to its sensitivity to structures of biological molecules and ability in
discriminating cancerous from non-cancerous tissues [25-28].

In art, RS has been used in the identification of the binding media, varnishes and
natural and synthetic pigments used in paintings [29,30], as well as in the deterioration
assessment of stained-glass windows from the thirteenth century [31]. In archaeology,

the compositional characterisation of ceramics and potteries, and the materials used in
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their decoration, has been done with the use of RS [32-36]. RS has also been used for
characterising archaeological and fossilised osseous materials, such as ivories, teeth and
bone [37-39]. Diagenetic alteration in bones can be assessed with RS by changes in
the position and full width half maximum (FWHM) of the phosphate peak present in the
hydroxyapatite spectrum [39-41]. RS has been also applied to archaeological and fossilised
shells; such an example is the identification of the biogenic carbonates from different shell
taxa used on Early Bronze Age beads [42]. A deeper review of the applications of RS
on biogenic calcium carbonates and for diagenesis assessment is presented in Subsections

1.2.2 and 1.3.1.

1.2 Sea shells

1.2.1 Shell structure

In the animal kingdom, molluscs are the second largest phylum, with representatives
distributed across all habitable continents and found on land, in fresh water and in the
sea [43,44]. Examples of the phylum are squids, octopi, slugs and snails [43]. Within the
molluscan phylum, the largest class is the gastropoda, followed by clams, also known as
bivalvia [43].

There are more than 100,000 living molluscs species that secrete a shell [45], which is
a calcium carbonate exoskeleton that keeps the animal safe from predators [46]. Figure
1.3 identifies the main parts of a gastropod shell, characterised by a spiral growth pattern
ending in the aperture. The adult size of a gastropod varies with species, ranging from 1
mm to 1 m [43].

The shell is comprised of a mineral phase made of calcium carbonate, accounting for

95 to 99% of the its weight with the remaining being an organic matrix composed of
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Figure 1.3: Terms and shapes of a gastropod shell as per Claassen [46].

glycoproteins [45,47]. Within the polymorphs of calcium carbonate, aragonite and calcite
are commonly found in marine shells [43, 48], whereas vaterite, is common in fresh water
molluscs [49]. Additionally, amorphous calcium carbonate has been observed in several
pearls and mussels [50].

The process of biomineralisation is a complex phenomenon involving an organic matrix
and an isolated compartment from the external environment — the extrapallial space [45,
48,51]. This space exists between the periostracum and the epithelial cells of the mantle,

which is the organ directly responsible for the shell formation [48]. The organic matrix is

29
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a framework built by the organism where ions are introduced and induced to crystallise
and grow [51,52]. The major components of the organic matrix are the polysaccharide
B-chitin, silk protein and glycoproteins, rich in aspartic acid [48,52,53]. Biomineralisation
is often studied in respect to the shell nacre, which is comprised of thick aragonite layers,
separated by interlamellar layers of organic matrix [45,48,52].

The mineralisation process has originally been considered as a spontaneous process
where biogenic crystals would be formed by the crystallisation of a supersaturated fluid
[45,46]. This fluid, also referred to as the extrapallial fluid, is saturated in carbonate
ions extracted from sea water [45]. The specialised cells of the mantle would secrete the
calcifying matrix, which interacts with the mineral ions and, together, self-assemble to gen-
erate crystallites exhibiting well defined morphologies [45,48]. However, this spontaneous
process does not explain how the self-assemblage is controlled.

Addadi et al. (2006) discuss that the organic matrix controls the biomineralisation,
with the acidic proteins acting as sites of crystal nucleation and with the chitin and silk
protein compartments dictating the crystal orientation [48]. They propose that an amor-
phous calcium carbonate phase forms in vesicles within specialised cells of the mantle.
These vesicles are delivered into the mineralisation sites where the aragonite crystals are
then nucleated and later propagated, through mineral bridges or holes in the organic ma-
trix [48]. Some of the macromolecules may be incorporated within the mineral phase
during its formation [48]. Jacob et al. (2008) have shown that in bivalves the crystalli-
sation and orientation of the carbonate crystals started before the full completion of the
interlamellar organic matrix sheets [52].

In vitro studies have shown that aspartic acid-rich macromolecules actively induce the
polymorph nucleation, controlling the size, shape and organisation of the crystallites [54].

Although the regulation of aragonite and calcite polymorphs is strongly related to the
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species this biomineral control can be influenced by the water temperature of the animal’s
environment [46] and by the presence of extraneous ions, such as magnesium [55, 56].
Shells are composed by layers forming their microstructure; these layers can be resolved
through scanning electron microscopy (SEM) and vary in thickness, number and in the
way they are combined [46]. Due to the diversity of shell species and the combinations
of microstructural patterns, there is a variety in the nomenclature used to describe the
shell layers [47]. In a general and simplified way, as reviewed by de Paula and Silveira
(2009), shells are usually described as containing the following three microstructures: an
external prismatic layer, made either of calcite or aragonite; a middle crossed-lamellar
layer, containing obliquely crossed crystals; and an innermost layer known as the aragonitic
nacre [53]. Other arrangements such as the homogenous structure formed of layers of fine
aragonitic or calcitic particles with less than 5 ym in diameter, or the presence spherulitic
structures are also observed in bivalves and gastropodes [53]. In addition, some shells also
have an external organic and impervious layer called periostracum [43,46]; however, this
is rarely found in archaeological shells [46]. Crossed-lamellar layers are most widespread

in grastropoda and bivalvia [53,57].

1.2.2 Calcium carbonate allotropes

Aragonite and calcite, the most common biominerals produced by molluscs, are calcium
carbonate crystals that share the same chemical composition with different atomic ar-
rangements, thus having distinct crystal geometries. A crystal is the repetition of unit
cells defined by the length of its axes (a, b and c¢) and their angles («, 8 and ) [58],
as shown in Figure 1.4. According with these properties, seven crystal systems are al-
lowed [58]. Aragonite belongs to the orthorhombic system [59-62] and calcite to the

trigonal system [63-65], as illustrated in Figure 1.4. The trigonal structure of calcite can
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1.2 Sea shells

also be described as hexagonal by the combination of three trigonal unit cells (Figure 1.4).
The aragonite orthorhombic symmetry is transformed into triclinic (Figure 1.4) due to
deformation caused by impurity atoms, such as Sr or Fe, or point defects [66,67]. The
Sr ions are known to substitute Ca without a change in the crystal structure; however,
the inclusion of Fe ions causes a significant lattice distortion in the CaCQOgs unit cell be-
cause of the great difference in ionic radii [67]. For geological aragonite, as long as the
concentration of impurities is lower than 0.06 at%, the aragonite has the orthorhombic

symmetry [67].

Y
p a "\
Single cell properties Orthorhombic Triclinic Hexagonal (Trigonal)
a#b#c a#b#c a=b#c

o=B=y=90° aZ#=B#Y#90 a=B=90° and y=120°

Figure 1.4: Properties of the single unit cell. A unit cell is defined by the length (a, b
and c) and angles of the axes («, 8 and 7). The orthorhombic, triclinic and trigonal are
three of the seven possible crystal systems according to different single unit cell properties.
Aragonite has orthorhombic symmetry; however, it can be transformed into triclinic due
to deformations caused by impurity atoms. Calcite belongs to the trigonal system and

can also be described as hexagonal by the combination of three trigonal unit cells.

In synthetic carbonates, impurities not only affect the crystal symmetry, but also
influence the crystal growth rate during crystallisation, inhibit phase formation and crys-
tallinity [68]. The trigonal structure of calcite allows the presence of divalent cations as
Mn, Mg, Fe, Zn, Co and Ni, while aragonite may have larger cations, such as Sr, Pb and
Ba [69]. In general, due to their atomic radii, Ca is replaced by Mg in calcites and by Sr
in aragonites [70]. High concentrations of S have also been found in calcitic shells with
the use of energy dispersive X-Ray spectroscopy (EDX) technique combined with SEM;

however, S is not found interstitially or substituting Ca, being its major source from amino
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acids and polysaccharides [71]. In the case of biogenic carbonates, the shell species, mol-
lusc body part, sea temperature and salinity, geological environment, calcite-to-aragonite
ratio, diagenesis process and the effect of time are factors that influence the presence of
impurity atoms, thus affecting the elemental composition of these carbonates [70,72].

Although aragonite belongs to the orthorhombic system and calcite to the trigonal,
the crystalline structure of both polymorphs alternates layers of calcium and carbonate
ions (Figure 1.5) [62,65,66]. The length of the unit cell axes of aragonite and calcite have
been determined by X-ray diffraction measurements (XRD), resulting in a = 4.962 A b=
7.969 A and ¢ = 5.743 A for geological aragonite [67] and in a = 4.989 A and ¢ = 17.064
A for geological calcite [63,64].

When compared to geological and synthetic carbonates, biogenic aragonite and calcite
show anisotropic structural lattice distortions, which are correlated to the presence of the
organic macromolecules that support the strained mineral lattice [73-76]. In aragonite
these lattice distortions were positive for the a- and c-axes, while negative for the b-axis
[73]. Systematically larger a and c unit cell parameters were also found for biogenic calcite
when compared to non-biogenic [74]. Therefore, it can be said that biogenic carbonates
are less crystalline than the geological or synthetic samples.

Annealing studies conducted on biogenic calcium carbonates have shown that such
distortion is reduced with heating; consequently, the lattice parameters are reverted to
those of geological samples, which results in an increase of the biogenic samples’ crys-
tallinity [73,74,76,77]. The relaxation of the mineral lattice is explained by the degra-
dation of the organic macromolecules that were incorporated within the mineral crystals
during the biomineralisation process [73,74,76,77]. For aragonite, an annealing of 30 min
at temperatures ranging from 50 to 350°C can relieve such lattice distortions, retrieving

geological lattice parameters without triggering a conversion to calcite [73]. Similar lattice
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Figure 1.5: Calcium carbonate structures. a) Crystalline structure of aragonite showing
its orthorhombic configuration, as per [62] and b) the trigonal crystalline structure of
calcite, as per [65].

relaxation has also been observed for calcites under heat-treatments over 200°C [74]. An
increase in the crystallinity of biogenic calcium carbonates is also observed during the
recrystallisation of biogenic aragonite to calcite, or through the dissolution of disordered
phases of calcite [78,79].

Calcite is the most thermodynamic stable phase of calcium carbonate at ambient
temperature and pressure, followed by aragonite, vaterite and amorphous calcium car-
bonate [49, 50, 80-82]. Experiments for determining the calcite-aragonite equilibrium at
temperature and pressure have shown that pure synthetic aragonite is unstable relative to
calcite at a temperature of 25°C and one bar, which is stabilised by the presence of trace
elements; however, aragonite is more stable for increasing pressures at constant tempera-
ture [81]. XRD studies on the aragonite-calcite transformation in fossil snail shells have
shown that on Earth-surface conditions, pressure is not a factor influencing this conversion
and that temperature influences the transition only in a long time scale, with the presence
of trace Mg inhibiting such conversion [83].

Biogenic calcium carbonates are less thermally stable than geological or synthetic car-
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bonates, as demonstrated by the lower aragonite to calcite phase transition temperature of
biogenic aragonite [84]. In geological and synthetic aragonite the aragonite-calcite phase
transition occurs at temperatures ranging from 450°C to 480°C [84-87]. For biogenic arag-
onite the transition temperature depends on the species, ranging from 280°C [84, 86] to
400°C [88]. However, a broad range for the conversion temperature may also be observed
within the same species e.g., for the Pinctada mazima oyster the transition tempera-
ture ranges from 300°C to 400°C [88]. In shells, the aragonite-calcite transition has been
observed, for example, from 330°C to 350°C for the Sazidomus purpuratus, Hyriopsis
schlegeli, Corbicula japonica, Pinctada martensii species [84]. At much higher tempera-
tures occurs the transition of calcite to calcium oxide (CaO), which starts at ~700°C in
biogenic calcites, with a complete decarbonation at ~800°C [84,89]. Complete decarbon-
ation of geological calcite was measured at ~815°C, which was indicated by the release of
COg and a strong weight loss in differential thermal analysis (DTA) and thermogravimetric
(TG) analysis [90].

The similar crystal structures of aragonite and calcite results into similar Raman spec-
troscopy signatures. As discussed in Section 1.1, the Raman spectra depends on the
vibrational energy and polarisability of the molecules, and in the case of aragonite and
calcite it will mainly depend on the vibrational modes of the carbonates. Figure 1.6 illus-
trates the Raman active modes of vibration for the carbonate ions, with their occurring
Raman band ranges, in wavenumbers, as per Bischoff et al. (1985) [91].

For calcite, five fundamental vibration modes are active, of which two are lattice modes
and three are internal modes [92,93]. The vibrations observed with RS for the lattice mode
are the translational (L) and rotational (L2) modes (Figure 1.6). The rotational mode is
also commonly referred to as librational mode [91,93,94]. As per the internal modes, the

three observed vibrations are the symmetric (v;) and antisymmetric (v3) stretches, and
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Figure 1.6: Raman vibrational modes for carbonate ions, with their Raman band ranges,
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the in-plane (v4) bend (Figure 1.6). An overtone of the 2v; infra-red active mode is also
allowed in the Raman spectra of calcite [91,92]. For aragonite, 30 fundamental vibration
modes are expected to be active [65,92]; however, Urmos et al. (1991) only observed 14
of them, attributing the difference mainly to the low intensity of such peaks [92]. The
aragonite allowed vibrations that can be easily observed with RS, due to their intensities,
are the translational (L) and rotational (Lg) lattice vibrations; the in-plane bend (v4),
which is characterised by a doublet peak; and the symmetric stretch (v;) (Figure 1.6) [92].
Table 1.1 summarises the peak assignments and peak position range found in literature
for the major peaks observed in the Raman spectra of biogenic aragonite and calcite from

gastropods [94-97], bivalves [52,96-98], corals [91,92,99] and pearls [92].
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Table 1.1: Literature peak assignments for biogenic aragonite and calcite gastropods,
bivalves, corals and pearls. The range is defined by the smallest and highest values found

for the peak positions in the provided references.

Polymorph Code Peak range (cm™') Assignment References
L, 125-154 Translational lattice mode [92,94-99]
L, 203-208 Rotational (librational) lattice mode [92,94-99]
Aragonite 700-705 ) ) [52,92,95-99]
V4 In plane antisymmetric bend
704-711 [92,94-98]
121 1080-1086 Symmetric stretch [52,92,94-99]
Ly 145-159 Translational lattice mode [91,92,94,96,97,99]
Lo 270-285 Rotational (librational) lattice mode  [91,92,94,96,97,99]
Calcit m 710-716 In plane antisymmetric bend [91,92,94,96,97,99]
alcite
" 10841089 Symmetric stretch 91,92, 94,97, 99]
U3 1434-1527 Anti-symmetric stretch [91,92]
2vs 1750 Out of plane bend - overtone [91,92]

RS is commonly used to characterise the mineral composition of shells due to its
sensitivity for distinguishing the calcium carbonate phase polymorphs and amorphous
calcium carbonate (ACC) [50,52,95-98,100]. One example is the use of RS to show that
the periostracum-prismatic layer interface in bivalve shells is analogous to the interface
between innermost organic lamella and the prismatic layer in pearls. This was achieved due
to the presence of amorphous calcium carbonate in both interfaces, which was revealed
by spectra comparison and investigation of the peak position of the 1y band at ~1085
cm~! [98].

RS has been used to investigate the process of biomineralisation in pearls, corals and
bivalves. Jacob et al. (2008) noted that laser irradiation could induce the unstable ACC
to crystallise into aragonite in bivalve shells, and into vaterite in pearls [52]. This showed
that the granular structures directly at the growth front are not crystallised and that
crystallisation and orientation of the CaCOgs nano-crystals started, in bivalves, before the
interlamellar organic sheets were formed [52]. Although their conclusions were based in

the shape and position of the v; and v4 bands, these were drawn from qualitative analyses
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of the Raman spectra without the use of quantitative measurements of peak positions and
FWHM. In corals, skeletogenic and biomineralisation were studied by Clode et al. (2011),
who noted that coral skeletons had no evidence of calcite or amorphous precursor phases,
concluding that skeletons of new coral recruits shared the same aragonitic mineralogy as
those of their mature counterparts [99]. Similarly, these conclusions were obtained from a
qualitative analyses of the Raman spectra, with peak positions inferred from the spectra
without the use of peak fitting procedures.

Composite maps can be constructed with RS and used to identify calcitic and aragonitc
layers in shells, and also to map the distribution of pigments. A good use of peak fitting
routines allied to spatially resolved RS performed on the gastropod shell Nerita undata
identified calcite and two different crystallographic orientations of aragonite by mapping
the area of two lattice peaks: the translational mode at ~152 cm™! and the librational
mode at ~206 cm~! [94]. Nehrke and Nouet (2006) used these data to describe shell
deposition [94]; however, in their work, these changes in orientation were only visually
and qualitatively compared.

Fluorescence intensity distribution maps of the organic components have also been used
to verify the ability of RS to identify growth patterns in bivalves [101]. Shell growth incre-
ments observed with RS were identical to those obtained by established Mutvei staining
and fluorescence microscopy methods [101]. Advantages of RS over these methods include
the fact that it requires no sample pre-treatment and it allows high spatial resolution to
the order of several hundred nanometers.

Heating causes a thermal crystal expansion, which has been observed with XRD in
calcites heated from the room temperature up to 900°C [102]. For geological calcite and
aragonite, when analysed with RS, this change in the crystal volume, and therefore in

the bond length, caused by the heating, reflects in broadening of peaks and shifts in their
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positions [87,103]. Both lattice mode and internal mode peaks are temperature dependent;
however, RS applied to geological aragonite has shown that the lattice modes are more
sensitive to increasing temperature, reflecting the progressive rotational disordering that
precedes the aragonite-calcite phase transition [87]. RS evaluation of the influence of
increasing pressures from the room pressure up to 30 GPa, at ambient temperature, show
no pressure-induced aragonite-calcite transition; however, shifts in the peak positions of
the 215 Raman mode of calcite and in the v4 modes of aragonite were observed with the
increasing pressures and explained by the incompressibility of the COgs groups and by
structural changes upon high-pressure compression [87].

Parker et al. (2010) used RS to characterise the aragonite-calcite phase transition in
bio- and synthetic carbonates during heating [104]. The biogenic aragonite used in their
experiments was extracted from the nacre of mussel shells (Mytilus edulis). They esti-
mated the relative concentration of the carbonate polymorphs using a method described
by Edwards et al. (2005), which consists in comparing the peak intensities of the Lo
lattice mode of aragonite at ~205 cm™! and calcite at ~280 cm™! [105]. Edwards et al.
noted that both peaks have similar intensity in a sample comprising of 50% calcite and
50% aragonite, thus concluding that the intensity of both peaks could be used to estimate
these polymorphs proportions. Although Parker et al. estimated the relative polymorphs
proportions during heat-treaments, this was only performed for the synthetic samples and
no further investigation of the peak positions and widths with RS was done. The bio-
carbonates were studied only at room temperature and after being annealed at 550 °C
for 12h, for which the aragonite and calcite spectra were respectively obtained. For the
synthetic samples, heat-treated for 1h at 390 °C, 400 °C, 410 °C and 550 °C, they showed
that during the phase transition the intermediate Raman spectra displayed distinct fea-

tures for the aragonite and calcite, confirming that the two polymorphs existed as distinct
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phases in the same sample [104].

The above examples described the broad range of applications of RS on biogenic car-
bonates, from studies of the biomineralisation to investigations of the phase transition
during heat-treatments. Due to its sensitivity RS can be used not only to determine and
map the mineral structure of shells but also to estimate their relative proportions in sam-
ples. However, to maximise the RS applications, it is necessary that quantitative rather
than qualitative analyses are performed. The next sections describe the research in shell
middens and the analytical methods applied to it. They also address the factors affecting

these methods and how RS could be used in that context.

1.3 Shell Middens

Shell middens are important archaeological records pertaining to human activity. In gen-
eral the term midden is used to indicate the accumulation of shells as result of food being
discarded [44,106]. Studies on shell middens started around the 1850s when the human
origin and age of mounds of mussels and oyster shells in Denmark were questioned. The
Danish scientist J. J. A. Worsaae pioneered studies investigating them, and the discovery
of artefacts within the shells led to these accumulations being called as kitchen mid-
dens [44,106]. However, although shell middens can contain animal bones, pottery, stone
artefacts, plant remains and human remains in the immense quantity of sea shells [106,107],
they can be associated to a diverse range of past human activities [44]. Many large mounds
were either deliberately constructed or natural accumulations of shells were augmented by
a subsequent human occupation [44]. Some of the Brazilian Sambaquis (from the Tupi
word literally meaning mound of shells) reached up to 70 metres in height and 500 metres
in length [108]. The Brazilian shell middens were used not only for discarding shells but

also for ritual purposes, with artefacts, food offerings and heaths being identified within
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the shell mound [108]. Therefore, the neutral term ’shell matrix site’ is also currently in
use [44], and further, due to their use for different human activities, shell middens are not
directly analogous to fossil or sub-fossil deposits [109].

The identification of different sites have shown how unique a shell midden can be.
They are scattered around the world, with mounds identified in the Atlantic Europe,
Arabian and Red Seas, Channel Islands of California, Florida, Georgia, Argentina, Brazil
and in the tropical island Asia-Pacific region [44,107,110]. Shell middens can be found
close to coastal zones, lacustrine and river environments due to the significant importance
of aquatic environments and their resources for hunter-gathering groups [106,107]. Shell
middens vary in size, composition, age and accumulation period, with middens spanning
the past 200ka [106,107,111].

Due to the calcium carbonate present in shells, shell middens are characterised by
alkaline conditions, thus making up an environment favourable to the preservation of or-
ganic and plant remains that provide records to study the interaction between humans
and the environment [106,109]. Shell middens provide means of studying aquatic resource
exploitation and human dispersion [112-114], social complexity and group diversifica-
tion [106-108,115], and palaeoenvironment reconstructions [95,109,116,117]. Research on
shell middens has opposed the convention that hunter-gatherers formed small and stable
societies. Conversely, it has shown that the littoral food resources could support large
population densities, which reduced their mobility, favouring the development of com-
plex hunter-gatherer societies [106]. Examples of these are the studies on Brazilian shell
middens [108] and on the shell middens of the Pacific Coast of North America [118].

Analytical approaches applied to archaeological sites contribute towards enhancing the
ability to reconstruct the human past [119]. The methodologies and protocols often used

are radiocarbon and amino acid racemization dating, isotopic analyses and sclerochronol-
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ogy and sclerochemistry analyses [44,119]. An example of the use of analytical techniques
is the determination of the age of shell mounds for estimating the accumulation rate of
shells. Hausmann and Meredith-Willians (2016), using radiocarbon dating and oxygen
isotope analyses, estimated that approximately 400 shells per day were accumulated in
the JW1727 shell midden of the Farasan Islands over a seven-month period [120].

The complex task of determining the age of a shell midden can be achieved by radio-
carbon dating or amino acid racemization. However, both techniques have problems and
limitations. Radiocarbon dating cannot be used for dating periods longer than ~45,000
years [121]. Diagenetic process affect radiocarbon dating due to the carbon exchange with
enclosing deposits or ground waters, which usually happens when biogenic aragonite re-
crystallises into calcite [44]. Thus, it is important to identify these recrystallised shells.
The amino acid racemization dating is also limited by the environment conditions, specif-
ically high temperatures, which affect the rate of change of the L-form amino acids into
D-form after the mollusc death [44]. The use of intracrystalline amino acids, which behave
as closed systems avoids this issue [122,123]; however, as Demarchi et al. (2015) showed
for the bivalve Glycymeris, such closed systems are not present in all molluscs [124]. In
summary, both techniques are affected by diagenetic alterations, thus the importance of
assessing the samples towards such modifications.

Indications of sea-temperature changes can be found within the mineralogy of some
marine invertebrates. Isotopic analyses are used for palaeoclimatic and environmental
studies, being the stable carbon (6'3C) and oxygen (§'80) the most often used isotopes
[109] The oxygen isotope ratio (*0/!60) at the sea surface is function of temperature
[125,126]. Molluscs secrete calcium carbonate out of the isotopic equilibrium with the
ambient water [96], resulting in a difference that is strictly a function of the temperature

[127]. Thus, isotopic ratios can be calibrated and linked with the temperature of the water
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when the shell was made [96,127]. In a similar way, the carbon isotope ratio (1*C/*2C)
can be linked with other variables including salinity of the water, amount of dissolved
inorganic carbon and physiological processes [128,129].

Sclerochronology studies the physical organisation of the accretionary hard tissues of
organisms, such as shells, while sclerochemistry applies isotope or elemental analyses to
these sclerochronological growth patterns [44]. Shells grow at the outer lip by expanding it
and keeping its overall shape the same. This process is not constant and temporarily ceases
marking the presence of growth lines that represent the previous positions of the aperture
rim [43]. These growth increments record the environmental conditions experienced by the
mollusc during its life [44]. For example, when a mollusc is harvested it stops growing and
the §'80 signature of the final shell increment give an approximated period of the year for
its death [130], thus indicating seasonality and reconstructing subsistence strategies and
foraging habits [109].

Apart from determining the time of shell harvest, oxygen and carbon isotopes can also
be used to identify shell source areas, investigate mammalian diets, as well as for palaeoen-
vironmental reconstructions [46,117,131]. Isotopic analyses coupled to sclerochronology
were applied to the bivalve Anomalocardia flexuosa obtained from Holocene shell mounds
to reconstruct the lagoonal environment of the shell species showing that it was marked
by lower salinity variations, in comparison to present day [116]. Hausmann et al. (2017),
using both sclerochronology and oxygen isotopic analyses, tested the Conomurex fasciatus
shell, which is the most common mollusc in the shell middens of the Farasan Islands, as
an environmental proxy for the Red Sea, demonstrating their suitability for palaeoclimate
reconstructions [95].

Factors affecting the isotopic analyses can be extrinsic, such as the environment, tem-

perature and carbonate source; or intrinsic, which are often associated with the animal
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physiology [44]. Post-depositional changes caused by leaching and groundwater fluctua-
tions within archaeological sites compromise the isotopic analyses due to alterations in the
shell mineralogy [130]. Diagenesis is among the extrinsic factors affecting the analytical
methodologies and approaches used for reconstructing human past. In order to maximise
the reliability of archaeological interpretations, diagenesis has to be taken into account
and the integrity of the shells has to be assessed. Archaeological specimens should be
investigated not only to inform about the past, but also to provide information on what
happened to them after being accumulated. The next subsection focuses on how diagenesis

affects shells and the methods used so far to assess their integrity.

1.3.1 Diagenesis of shells

Taphonomy encompasses the processes an organism has been subjected from its death
until its recovery [132]. Diagenesis is the final part of the taphonomy process and refers
to any modification of the organism, or its parts, with the surrounding sediment, ending
up in complete disintegration and dissolution of the organism or its lithification [132].
In shells, diagenesis is used to explain any modification suffered by the biomineral after
its deposition [133], such as fragmentation, abrasion, encrustation, perforation, heating,
dissolution and chemical conversion [46].

From the above modifications, the dissolution, chemical conversion and heating hamper
the accuracy of analytical methods due to alterations in the shell mineralogy, and thus
compromise environmental, climatic and dietary reconstructions [109,133-135]. During
dissolution, the shell initially loses its colouration and lustre then, as dissolution progresses,
it becomes thinner, particularly at the edges [46]. The rate at which calcium carbonate
is dissolved in a terrestrial setting depends on the acidity of the ground water and the

duration of exposure to acids, which among others are carbonic acid, calcium bicarbonate,
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ammonium nitrate, sulphuric acid and nitric acid [46].

The chemical conversion is related to the spontaneous inversion of the unstable arago-
nite to calcite, this happens even at temperatures at or below 30 °C [46]. Apart from this
recrystallisation process, the stability of biominerals is also increased through dissolution
of the unstable aragonite phase or by the growth of new authigenic phases [79].

Heating can lead to an aragonite to calcite transition, thus removing the heavy O'8
atoms by the lighter O'6 from the atmosphere [136]. Shells that have undergone heating,
independently if the purpose was of cooking or of altering the colour of the shell for
ornaments, have their mineralogy altered, and in extreme conditions, recrystallise into
calcite [46,134,136,137]. However, as demonstrated by Milano et al. (2016) the isotopic
ratios may change with heating even without the conversion of aragonite into calcite [134].
Therefore, the preservation and integrity of the biomineral in the samples has to be assessed
and measured.

One approach to investigate diagenesis of biocarbonates is through the analysis of
minor elements. This is done by comparing the atom percentage of Mg and Sr relative
to Ca between ancient and modern shells, by using analytical methods such as atomic
absorption spectroscopy or EDX. Atom substitution of Ca by Mg in the case of calcite,
or Sr if aragonite, can occur in shells during diagenetic alterations [70,138,139]. Thus,
the Mg/Ca or the Sr/Ca concentration ratios can be used as an indication of diagenesis.
Ragland et al. (1979) studied the contents of Mg, Sr, Mn, Fe, Na and K, with atomic
absorption spectroscopy, in 230 unrecrystallised mollusc shells, comprising bivalves and
gastropods, ranging from late Cretaceous to Holocene [139]. They noted consistent dif-
ferences between fossil and Holocene shells with respect to concentrations of all of these
elements, attributing these changes to diagenetic alterations. However, due to the varia-

tion of these minor elements with many factors, such as the shell species, water chemistry
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and mineralogy [70], there is no consensus on how these ratios should change.

Another approach on assessing diagenesis of biocarbonates is by the analysis of the
shell’s mineralogy and the conversion of the original biogenic aragonite into calcite by
XRD, electron microscopy and spectroscopic methods [46, 70, 133, 138, 140]. Bjorn and
Weiner (1981) used SEM and XRD to investigate the integrity of nacre aragonite from
ammonite samples that were considered preserved, moderately preserved or poorly pre-
served by visual inspection [138]. By investigating the mineralogy of these samples they
noted that visual inspections did not correlate well with the percentage of calcite found
in the samples by XRD; for example, the poorly preserved samples were expected to be
fully converted into calcite, however, their results showed a concentration of only 2% of
calcite in their composition. By doing elemental analysis they also noted an increase in
the Mg concentration in the diagenetically altered samples; thus, proposing that both
calcite/aragonite ratios and Mg concentration were the most sensitive parameters to post-
depositional modifications [138].

Changes induced by diagenesis in the microstructure, nanostructure and chemical
composition of fossil and modern Concholepas shells were investigate by Guzman et al.
(2009) [133]. This shell species is formed by layers of calcite and aragonite, for which
atomic force microscopy (AFM) and SEM investigations revealed alterations in the struc-
ture of the aragonitic layer [133]. In their work, elemental investigations through EDX
were also conducted showing that the fossil shells were enriched with S and K at differ-
ent levels, which could reflect either differences on their biogenic composition or in their
fossilisation process.

It is important to highlight, however, that a proxy to assess diagenesis based on the
presence of calcite can only be applied to shells that are composed of aragonite. In the

case of calcitic samples their preservation is be assessed by analyses of its crystallography

46



1.3 Shell Middens

and crystallinity. Calcitic fossil craniid brachiopods analysed with SEM and with electron
backscattered diffraction have shown different conservations for the calcite crystallography
of samples from the Late Ordovician and Late Cretaceous [141]. These analyses showed
that diagenesis was independent of geological time, with the Late Ordovician samples
being more preserved.

A pitfall of electron microscopy based methods is that they often require the coating of
the sample, and therefore cannot be considered non-destructive techniques, thus revealing
the relevance of spectroscopic methods. The analyses of the calcite in foraminifera with
Fourrier transformed infrared spectroscopy (FTIR) revealed that an increase in the sam-
ple crystallinity was caused by the dissolution of small disordered phases of the carbonate
due to diagenesis [79]. Since the improvement of lasers and detectors, RS has been widely
applied in the analyses of post-depositional modifications. One example is the work of
Urmos et al. (1991), who used RS to characterise biogenic carbonates from corals and
pearls and noted an increase in the peak widths of lattice mode peaks in biogenic calcite
when compared to synthetic calcite bands [92]. They concluded that this increase was
caused by positional disorder of the carbonate ion from the substitution of Mgt for Ca?*
in calcite, which could affect the biomineral relative stability while undergoing diagenesis.
Bischoff et al. (1985), investigating synthetic and biogenic calcites, determined that the
increase in FWHM of the lattice mode and also v; peaks was correlated with an increasing
concentration of Mg [91]. Similar observations were also made for increasing Mg concen-
trations in synthetic vaterite [49]. However, this correlation has been often used to infer
the mineral composition of shells as being either low- or high-magnesian calcite without
a careful measurement of the FWHM of such peaks via quantitative analyses and peak
fitting procedures [96,97].

Many of the published works about RS on biogenic carbonates do not clarify the
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amount of spectra needed for such characterisation and, in general, only a dozen spectra
is collected. In a work using RS to investigate the mineralogy of modern Glycymeris
shells for further comparison with their fossil counterparts, only 11 points were sampled
in two cross sections, where five spectra were obtained in each point [124]. However, to
produce statistically relevant results, a large sampling is needed due to the heterogeneity of
biological samples, as demonstrated by my contribution to Hausmann et al. (2017) [95]. In
our characterisation of the Conomurex fasciatus shell, 760 spectra were randomly obtained
in the modern shells and 500 in the archaeological specimens; from the data obtained in the
archaeological samples 0.4% showed an admixture of both aragonite and calcite spectra.
Therefore, considering that the sampling size of each measurement was ~1 micron, we
concluded that the biogenic aragonite in the samples was well-preserved against diagenesis
mechanisms leading to an aragonite-calcite transformation.

Initially, it was understood that because of diagenetic alterations, sugars and proteins
could not be preserved in fossil skeletons [140]. Nowadays, it is known that these macro-
molecules can be preserved intracrystalline in shells, demonstrated by the possibility of
using amino acid racemization for sample dating [122,123]. However, diagenesis continues
to affect the shell’s organic matrix that once destroyed is replaced by inorganic materi-
als [138,140]. Glycoproteins from this organic matrix are hydrolysed during diagenesis,
hence initiating an early biogenic aragonite recrystallisation [78]. Therefore, diagenesis
can also be confirmed by assessing a shell’s organic matrix, as did Guzman et al. (2009) in
their studies of the Concholepas shells using FTIR, revealing that the calcitic shell layer
contained more of the organic matrix than the aragonitic layer [133].

RS is also able to identify the vibrations from the organic shell matrix. These are the
C-H vibrations situated between 2847 and 2960 cm ™! which have weaker relative intensities

in part due to the significant small proportion of the organic matrix in comparison to the
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total mineral content and also, in part due to the different inherent Raman cross-section
of each material [78,94]. Perrin and Smith (2007) hypothesised that a decrease in the
intensity of such peaks could indicate an early diagenesis of the samples, and that this
was explained by the hydrolysis of glycoproteins, thus being decomposed in a series of
multiple vibrations, hence decreasing the signal of individual Raman bands [78]. Despite
that, their results might have been compromised by the presence of amorphous carbon in
some of the spectra, which was formed by the deterioration of skeletal organic compounds
due to the strong laser beam power at the sample (~30 — 50 mW) [78].

As explained before, heating affects amino acid racemization and also alters the miner-
alogy of shells, hampering isotopic analyses. Shells could be exposed to high temperatures
accidentally in hearths in the shell middens or with the purpose of cooking, implicating
the interpretation of a site containing burnt shell fragments [142]. Another possibility is
that heating was used to modify the appearance of shells so they could be used as or-
naments. Lange et al. (2008) used RS to qualitatively investigate if darkened Cyclope
neritea archaeological shells had been heated, since they normally show an ivory coloura-
tion [137]. Their RS results showed that white shells were mainly composed of aragonite,
while black shells had calcite and amorphous carbon bands. They concluded that only
reducing conditions would allow for the carbonised material to stain the shells because the
amorphous carbon released when organic products are burnt would escape in the form of
carbon dioxide if the shells were heated in an open fire place, which forms an oxidising
atmosphere.

Milano et al. (2016) explored the effects of cooking/heating on isotopic analysis. In
their work they used RS to investigate the aragonite-calcite transition during heat treat-
ments ranging from 100 °C to 700 °C for 20 min and 60 min [134]. Their qualitative

inspection of the Raman spectra indicated that the transformation started at 300 °C and
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finished at 500 °C. Thus, although cooking at this temperature range did not drastically
change the shell appearance, it altered its mineralogy. They noted that isotopic ratios
were compromised even before the full aragonite to calcite conversion [134]. However,
their identification of the heating evidence in shells was purely based in the inspection of
the Raman spectra for the mineral signatures of aragonite, calcite or a mixture of both
phases; added to this is the fact that only two spectra were obtained from the inner and
outer shell layers in each time point.

When a shell is heated its colour will not always be altered. Thus, it is necessary to in-
vestigate temperature and temporal dependencies of the aragonite-calcite phase transition
in order to accurately identify heated shells. The extreme case of the phase transition may
not happen if a shell was heated at lower temperatures or for shorter amounts of time,
but this may compromise isotopic informations. Since molluscan shells are important
for reconstructing past climates and investigating human development, it is essential to
recognise the alterations caused by natural and cultural processes. However, not enough
attention has been devoted into developing non-destructive approaches for the identifica-
tion of diagenesis. Nonetheless, when a non-destructive technique is used, such as RS, it
is mainly done qualitatively, without quantitative data analyses being applied, which can

put at risk the reliability of the archaeological interpretations drawn.

1.4 Research objectives and thesis outline

This research, involving interdisciplinary physics and archaeology, focuses on the study
of modern, fossil and archaeological shells using quantitative Raman spectroscopy. Since
RS can be used as a non-destructive technique, it can be applied even to the most rare
artefacts using little or no sample preparation.

The main goal in this research is to unlock hidden time and temperature sensitive infor-
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mation from sea shells. Therefore, the research aims to identify Raman features that can
be used in determining and assessing diagenesis, and in the recognition of heated/cooked
shells. Many of the published works with RS, as reviewed in the previous section, focus on
identifying diagenesis and taphonomic changes purely by investigating the shell’s mineral-
ogy with qualitative analyses of the Raman spectra [96,97,124,134]. Thus, the intention
of this thesis is to develop means for quantitative analyses of shells using RS, establishing
markers correlated to the shell crystallinity and also to the temperature, in order to quan-
tify percentage conversion of aragonite into calcite, and the aragonite to calcite transition
point in heated shells. For such intent, the Raman spectra of shells were deeply analysed,
with peak fitting results such as peak position, amplitude and width compared across
samples.

Modern and archaeological shell specimens of Conomurez fasciatus were studied. This
small gastropod is the dominant shell species in shell mounds of the Farasan Islands,
which form a group of more than one hundred islands with varied sizes, located in the
Red Sea (Figure 1.7 a and b) [143]. The Farasan Islands, which were a military area
with low population density and lack of modern developments, contain an almost pristine
distribution of archaeological material distributed over more than 3000 shell middens,
forming the largest concentration of mounds in the Arabian Peninsula [143]. Several
different shell species were found during the excavation of the Khur Maadi Bay middens,
however, an insignificant quantity when compared with the Conomurez fasciatus species
[143]. The Conomurez fasciatus shells studied in this thesis are from the KM1057 Khur
Maadi Bay shell midden (Figure 1.7 ¢ and d), dated with an age range of 5046 — 5515
calibrated years before present (cal BP) [143].

Shell species from other archaeological sites were also studied, a modern specimen of

Nucella lapillus from Devon - UK, and a fossilised Nucela sp. shell from the Easington
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Raised Beach site were included in the RS analyses.
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Figure 1.7: Maps of the Farasan Islands and Khur Maadi Bay shell middens. (a) Satellite
image of the Farasan Islands obtained from Google Earth images. (b) Farasan Islands map;
the red lines show the distribution of shell middens across the shoreline. The map was
drawn by Prof G. N. Bailey and Dr M. G. M. Williams. (c) Shell middens of the Khur
Maadi Bay. The distribution of mounds was superimposed on a Google Earth image by
Dr M. G. M. Williams. (d) View of the KM1057 shell midden in the Khur Maadi Bay.
Photo by M. G. M. Williams, March 2008.

This thesis has one methods chapter, three results chapters and a final conclusions
chapter. Specific details about the samples and how they were prepared and treated
under different conditions can be found in Chapter 2, along with details of the analytical
techniques used. This methods chapter also describes details about the Raman equipment
used and how the data analyses of the Raman spectra were performed with the use of peak

fitting procedures. It also explains the development of a convergence test of the standard
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error used to determine the minimum amount of Raman spectra needed to describe each
sample.

In Chapter 3, the biogenic shell carbonates were characterised with RS. The two an-
cient shell species, Conomurez fasciatus and Nucella sp., were compared with their modern
counterparts aiming to identify Raman markers based on quantitative spectral properties
such as relative peak intensities and FWHM that could be used to study the shell mineral-
ogy and in the assessment of the diagenesis process. Additionally, the chapter also shows
the results of the Conomurex fasciatus shell microstructure and elemental composition
obtained with SEM and EDX respectively.

The fourth chapter describes the results obtained after heat treatments performed in
powdered modern Conomurex fasciatus shells. The samples were thermally treated in
many different conditions and quantitative Raman spectral properties such as relative
peak intensities and FWHM were compared. A calcium carbonate polymorph percentage
was estimated from the Raman spectra and used to determine the aragonite to calcite
transition point. In this chapter SEM and EDX analyses were also used to inspect the
shell microstructure and elemental composition during heating. Finally, the Raman results
of the heated modern Conomurex fasciatus shells were compared to burnt fragments of this
shell species also found in the KM1057 shell midden. This comparison aimed to validate
the results obtained with heat-treatments of the modern shells and also to verify if the
method could determine for how long and at which temperature the fragments had been
heated.

The fifth results chapter compares archaeological Conomurez fasciatus shells collected
at different layers of the KM1057 shell midden, which was divided into 12 layers. This
experiment aimed to verify if shells from top, middle and bottom layers would have been

differently affected by diagenesis. Again, quantitative RS was performed by the analyses of
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peak intensity ratios and FWHM. Finally, these archaeological shells from different layers
were also compared to the modern Conomurezr fasciatus specimens. The thesis is then
concluded with a final conclusions chapter, where future possibilities for this research are

explored.
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Chapter 2

Methods

This chapter describes the methods used for all the experiments performed in this thesis.
Specifically it describes the origin of the sea shell specimens, the sample preparation for the
experiments, which were done in sliced and powdered shells, and the thermal treatments
performed. The chapter also describes details about the Raman equipment and the choice
of settings used for data collection. It explains how the quantitative values, such as peak
position, intensity and full width at half maximum were obtained from the peak fittings

and further analysed.

2.1 Samples

This thesis comprises the analysis of sea shells of different ages and from different places
in the world. It aims to investigate diagenesis and human intervention on shells using
RS. Two shell species were studied, Conomurex fasciatus and the Nucella sp., which were
cleaned and treated in different ways, as described in the next subsections. All samples

used in this work are summarised in Table 2.1.
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Figure 2.1: Conomurez fasciatus shells species from the Red Sea. The left image (a)
shows a modern specimen while the right image (b) shows an archaeological specimen
from KM1057 shell midden, from layer 6.

2.1.1 Conomurex fasciatus specimens

Conomurez fasciatus is a small gastropod found in the Red Sea [143] and all the specimens
provided for this research were collected in the Farasan Islands (Saudi Arabia). Despite
being collected in the same area by the same group, the specimens were donated by
different collaborators that cleaned their shells in different ways, as described next.

Two pictures of the Conomurex fasciatus species can be seen in the Figure 2.1. The
left image (Figure 2.1a) shows a modern specimen while the image on the right (Figure
2.1b) is from an archaeological shell. A reference for the size is missing in the picture of the
modern specimen, but its length is approximately 4 cm. The length of the archaeological
shell is approximately 4.5 cm.

Seven archaeological shells were provided by Prof. Geoffrey Bailey and Dr. Eva Laurie
from the Department of Archaeology at University of York. The specimens are from the
KM1057 shell midden in the Khur Maadi Bay with a radiocarbon date range of 5046-5515
cal BP [143]. These shells are from different layers in the shell midden, comprising two
shells from layer three, three shells from layer six and two shells from layer ten. They
were only cleaned by myself using tap water and a soft toothbrush, being dried at room
temperature.

One of the three shells collected from layer six (Figure 2.1b) was used in the experi-
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ments of Chapter 3, where it was compared to its modern counterpart. The six remaining
archaeological shells were used in Chapter 5, where shells from different layers were com-
pared, and their pictures are shown in that chapter.

One modern Conomurex fasciatus was provided by Dr. Eva Laurie. This specimen is
shown in Figure 2.1a and it was cleaned by herself using only tap water. The shell was
left under water to macerate, to loosen the flesh without affecting the shell. The water
was changed daily until all the flesh had been removed. This process can take a few weeks
to be completed. Unfortunately the day the specimen was collected and the length of the
cleaning process were not recorded.

Three whole modern specimens were donated by Dr Niklas Hausmann from the same
group. The modern shells were collected alive on 18/02/2013, precisely at the coordinates:
16.683680 N, 42.103829 E. These shells were cleaned by himself using chemicals, removing
the flesh by immersion in a solution of 5% of NaClO for 24h. Afterwards they were rinsed
with pure water. No pictures were taken from these samples; however, they were very
similar in size and colour to the specimen from Figure 2.1a. These shells were used in
Chapters 4 and 5 with codes S1, S2 and S3.

Two burnt sea shell fragments from layers three and ten of the KM1057 shell midden
were also donated by Prof. Geoffrey Bailey and Dr. Eva Laurie. They are shown in Figure
2.2. These charred fragments are approximately 1 cm wide and their masses are 0.33 g
(layer three) and 0.26 g (layer ten), both belonging to the Conomurer fasciatus species.
Burnt samples are rare and only a few grams of this material were found in the entire shell

midden.
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Figure 2.2: Burnt fragments belonging to the Conomurer fasciatus species from the
KM1057 shell midden. The specimen shown in the left picture (a) was collected in layer

3, while the specimen shown in the right picture (b) was collected in layer 10.

2.1.2 Nucella specimens
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Figure 2.3: The picture on the left (a) shows a modern Nucella lapillus collected in
Devon-UK. The picture on the right (b) shows a fossilised Nucella sp. shell, from Easington
Raised Beach, with an approximate length of 1.3 cm.

One modern Nucella lapillus shell was collected dead on the beach in Devon-UK by
Dr. Sebastian Payne, previously from English Heritage. The shell was cleaned by himself
by soaking in fresh water. Date of collection and precise location were not recorded. This

shell is shown in Figure 2.3a.
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One fossilised shell, shown in Figure 2.3b, was provided by Dr. Beatrice Demarchi
until recently at the BioArCh group in the Department of Archaeology at University of
York. This specimen is from the Easington Raised Beach site. Due to its deteriorated
condition, it was not possible to identify the shell subspecies from its appearance, therefore
it was nominated only as Nucella sp. The age of this sample is 250,000 + 30,000 years

BP, determined by optically stimulated luminescence [144].

2.1.3 Summary of samples

All the samples used in this thesis are summarised in Table 2.1. This table is sub-divided
according to the thesis chapters, listing all samples used in each experiment. For the
samples used in Chapter 3, no code was created as the four shells can be discriminated
by species and age. The column ‘Condition’ refers to how the shell was prepared for the
analyses, informing their current condition. More details about their preparation are given
in the next sections of this chapter.

One important detail to be noted, is that Table 2.1 only shows the main samples.
For example, the samples used in Chapter 4 were split into sub-samples to be thermally
treated at different conditions. In the same chapter the archaeological burnt fragments
were also sub-divided. In this case, the sub-samples are not listed in Table 2.1, and more

details are provided further.
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Table 2.1: Summary of samples used in the thesis. The list is organised according to the

thesis chapters, containing all the samples used for that experiment, detailing the shell

species, age and location from were they were obtained.

Samples used in Chapter 3

Code Species Age Location / Site Condition Cleaning
Conomurer  Archaeo. Farasan Islands, Red Sea  Sectioned Fresh wa-
fasciatus / KM1057 shell midden, into 5 slices ter only

layer 6
Conomurer Modern  Farasan Islands, Red Sea  Sectioned Fresh wa-
fasciatus into 5 slices ter only
Nucella sp.  Fossil Durham UK / Easington  Sectioned Not
Raised Beach into 3 slices cleaned
Nucella Modern  Devon UK Sectioned Fresh wa-
lapillus into 3 slices ter only
Samples used in Chapter 4

Code Species Age Location / Site Condition Cleaning

S1 Conomurer Modern  Farasan Islands, Red Sea Powdered Chemicals
fasciatus

S2 Conomurex  Modern  Farasan Islands, Red Sea Powdered Chemicals
fasciatus

S3 Conomurer Modern  Farasan Islands, Red Sea Powdered Chemicals
fasciatus

BL3 Conomurer  Archaeo. Farasan Island, Red Sea Burnt frag- Sliced
fasciatus / KM1057 shell midden, ment

layer 3

BL10 Conomurer Archaeo. Farasan Island, Red Sea Burnt frag- Sliced

fasciatus / KM1057 shell midden, ment
layer 10
Samples used in Chapter 5

Code Species Age Location / Site Condition Cleaning

S1 Conomurer Modern  Farasan Islands, Red Sea  Powdered Chemicals
fasciatus

S2 Conomurer Modern  Farasan Islands, Red Sea  Powdered Chemicals
fasciatus
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2.2 Raman Spectroscopy

Table 2.1 — Continued from previous page

S3 Conomurer Modern  Farasan Islands, Red Sea  Powdered Chemicals
fasciatus
L3S1  Conomurer Archaeo. Farasan Islands, Red Sea Powdered Fresh wa-
fasciatus / KM1057 shell midden, ter only
layer 3
L3S2 Conomurer Archaeo. Farasan Islands, Red Sea Powdered Fresh wa-
fasciatus / KM1057 shell midden, ter only
layer 3
L6S1  Conomurer Archaeo. Farasan Islands, Red Sea Powdered Fresh wa-
fasciatus / KM1057 shell midden, ter only
layer 6
L6S2  Conomurer Archaeo. Farasan Islands, Red Sea Powdered Fresh wa-
fasciatus / KM1057 shell midden, ter only
layer 6
L10S1 Conomurer Archaeo. Farasan Islands, Red Sea Powdered Fresh wa-
fasciatus / KM1057 shell midden, ter only
layer 10
L10S2 Conomurer Archaeo. Farasan Islands, Red Sea Powdered Fresh wa-
fasciatus / KM1057 shell midden, ter only

layer 10

2.2 Raman Spectroscopy

2.2.1 Equipment and settings

A Horiba XploRA micro-Raman was used in this research (Figure 2.4a). The XploRA
is equipped with green, red and infra-red lasers. The Raman radiation is a very weak
phenomenon, being proportional to the frequency of the radiation source [2,145], thus the
use of the green laser (532 nm) was preferred to increase the Raman signal. Unfortunately
as a consequence, it also increases the fluorescence levels [145]. However, there are ways
of reducing the background generated on each spectrum and these methods are discussed

throughout this chapter.
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2.2 Raman Spectroscopy

The Raman capability is on top of the microscope comprising a 180° backscattering
configuration. This means that the incident laser light and the scattered light follow the
same path being delivered and collected by the objective lens [3,5], as shown in Figure 2.4.
Different objective lenses may be used for data collection; however, their choice changes
the laser spot size at the sample. The spot size diameter (d;) depends on the numerical
aperture (NA) of the lens and the wavelength () of the source [146], such that

_ 1220

= . 2.1
dy NA (2.1)

On biogenic materials, randomly distributed impurities over the sample are normally
the greatest source of fluorescence [147,148]. Using the smallest laser spot size available

helps to minimise this effect, as the information from the biogenic system is collected from

b) Video

Camera
Swing [
Mirror T~ To
A Spectrometer
4
Beam <
Splitter T - Laser
1AM
A\
—~ Microscope
Objective

Sample

Figure 2.4: On the left (a) the Horiba XploRA micro-Raman from Department of Physics
at University of York. On the right (b) a schematic of a 180 backscattering geometry used

in the Raman microscope, as per [5].
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Table 2.2: Available objective lenses and their properties.

Objectives | Numerical Aperture | Working distance | Spot size! Brand
(mm) ()
10x 0.25 10.6 2.6 Olympus
50x 0.75 0.38 0.9 Olympus
100x 0.90 0.21 0.7 Olympus
100x LWD 0.75 4.70 0.9 Leica

!Calculated from Equation 2.1 for the green laser (532 nm).

a smaller sampling area.

The working distance of a lens is simply the vertical distance between the sample and
the lens when focused. Normally for standard lenses this distance is smaller than one
millimetre, which is not a problem for flat samples. However, sea shells have irregular
surfaces and the lens normally touches the shell before reaching the focusing point. Thus,
the ideal lens and choice of laser for performing Raman analyses of sea shells should provide
the smallest laser spot size (thereby reducing the spectral background) and have the longest
working distance available. Table 2.2 shows the lenses available for this research along with
their properties for Raman spectroscopy using the green (532 nm) laser. In comparing
these properties, the 100x long working distance (LWD) lens was selected allowing for a
working distance of 4.70 mm and small spot size of 0.9 pm.

The 532 nm green laser available in Raman equipment is a Neodymium-YAG (yttrium-
aluminium-garnet) solid state laser, which has a stated maximum output power of ~10
mW. To control the laser power at the sample and prevent sample damage, neutral density
filters are used. The available filters are 0.1%, 1%, 10%, 25%, 50% and 100% (no filter).
The most fragile part of the sea shells is their organic structure, comprising carotenoids
and impurities that can be easily burnt. To ensure non-destructive Raman measurement
a 50% filter was chosen to analyse the sea shells in this research, allowing no more than 5

mW of laser power at the sample.

63



2.2 Raman Spectroscopy

Figure 2.5a illustrates the path taken by the light from the laser to the CCD via the
various optical components of the Raman microscope. The laser incident on the sample is
represented by the green line. The light blue line represents the Rayleigh scattering light
combined with the Raman scattered light. An edge filter blocks the Rayleigh scattered
light allowing for only the Raman scattered light to progress forward, as represented by
the purple line. It is important to highlight that edge filters block a range of wavelengths
that would compromise the start of the spectrum [3,145]. For the Horiba XploRA the
first 50 wavenumbers are compromised.

The Horiba XploRA has an adjustable hole (or pinhole) located in the image plan of
the microscope, allowing confocal Raman spectroscopy to be performed. The confocal
setting blocks the light from other planes situated above or below the focal plane [145].
The smaller the size of the confocal hole, the smaller the amount of scattered light that
reaches the detector, due to spatial filtering. Figure 2.5b shows the scheme for a confocal
microscope as per [145], where only the light from the focal plane is allowed to pass through
the confocal hole. This technique results in a high image contrast and also helps blocking
fluorescence by controlling the sampling depth [145]. The culmination of which results in
a clearer Raman spectrum. The available choices for confocal hole settings on the Horiba
XploRA are 100, 300 or 500 ym. In this work, the smallest confocal hole of 100 ym was
used.

Before reaching the charged-couple device (CCD), the Raman scattered light passes a
slit and diffraction grating, as shown on Figure 2.5a. These two optical apparatus are the
coupling between the microscope and the sensor [145], which controls the spectral reso-
lution [5,145,149]. The spectral resolution is the ability to clearly distinguish individual
peaks and to separate convolved peaks [5,150].

The slit controls the divergence angle of the light that reaches the diffraction grating.
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2.2 Raman Spectroscopy

CCD (detector)
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Figure 2.5: (a) The main equipment components for Raman spectroscopy showing the

incident and scattered light paths. (b) Confocal microscope setup as per [145].

A higher divergence angle obtained by a narrower slit can result in signal loss, while a
small divergence from a wide slit may only partially illuminate the diffraction grating,
therefore lowering the resolution [145]. There are three available choices for the slit size
on the Horiba XploRA: 50, 100 and 200 pum. Although the smaller slit increases the
spectral resolution, it reduces the signal intensity. Therefore, to ensure maximum signal
on the experiments, the largest slit size of 200um was selected.

The diffraction grating disperses light of different wavelengths into different angles
[145]. Higher groove densities on the diffraction grating result in bigger dispersion achiev-
ing better spectral resolution, however at the cost of reducing the wavelength cover-
age [145,151]. The diffraction grating densities available on the Horiba XploRA are 600,
1200, 1800 and 2400 grooves/mm. The choice from 600 to 1800 grooves/mm allows analy-
ses covering a range up to 4000 wavenumbers. The grating also affects the amount of time

it takes to collect a single spectrum, which decreases for smaller diffraction grating den-
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2.2 Raman Spectroscopy

sities. For maximum spectral resolution the 2400 grooves/mm grating was used allowing
for analyses up to 3200 wavenumbers.

Data collection was performed using the Horiba Labspec software versions 5 and 6.
Apart from the choice of the objective, all of the settings explained so far (such as the laser
wavelength, grating choice, slit size, etc.) are controlled via software. Labspec has several
options and settings for data acquisition, with two of these settings explained here: the
number of accumulations and the acquisition time. For the Raman data collection, the
spectrum is divided into windows, where the size of each window depends on the diffraction
grating selected. For example, with a diffraction grating that has 2400 grooves/mm,
the maximum size of each spectral window is ~ 750 wavenumbers. Thus, five windows
are necessary to complete the full spectral range from 0 to 3200 wavenumbers. The
acquisition time defines the length of time that the scattered light is collected from the
sample per spectral window. The number of accumulations defines how many times the
spectrum is collected and then averaged per spectral window. By increasing the number
of accumulations, the software is able to significantly reduce the noise, and also eliminates
cosmic rays, which interact with the CCD creating false peaks.

Due to their mineral phase, sea shells have a strong Raman signal intensity after only
one second of acquisition. Therefore, all spectra collected in this work were obtained after
one second exposition, repeated 32 times. Using these settings, about four minutes were
required to collect a full spectrum range, during which the laser keeps irradiating the
sample. Table 2.3 summarises the acquisition settings for the shell analyses.

The Horiba XPIloRA is also equipped with an automated X-Y-Z stage controlled by
Labspec software, which allows the instrument to build spatially-resolved Raman maps
from the sample. On a Raman map, the user can set an area on the sample to be mapped,

which can be covered by square, rectangular, circular or polygonal maps. It is also possible
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Table 2.3: Summary of the Raman acquisition settings. With these settings, the amount

of time necessary for collecting a single spectrum is approximately four minutes.

Laser: 532 nm Acquisition time: 1 sec

Objective: 100x LWD | Accumulations: 32x

Filter: 50% Grating: 2400 grooves/mm
Hole: 100 pm Spectral range: 0-3200 cm~!
Slit: 200 pm

to set the density of Raman sampling points in order to build the map. According to the
stage manufacturer, the smallest step size is 0.01 um and the stage accuracy is £3 pm.
The Horiba XploRA also has an auto focusing feature that can be used either for
Raman maps or point acquisitions. The Labspec software uses the intensity of any pre-
defined peak to make fine adjustments to the focus by changing the Z-coordinate of the
stage. The user defines a range for moving the stage on 7 direction, and how many
times the focus should be tested in the selected range. This feature, although useful, can
considerably increase the amount of time spent to acquire each spectrum and may not be

recommended for samples that require high acquisition time.

2.2.2 Whole shell analyses

Whole sea shells can be large, making Raman analysis using the Horiba XploRA not
possible due to it having a limited vertical space between the objective and the stage.
The use of a LWD lens makes this gap even smaller. To circumvent this issue, the shells
used in this study (Conomurex fasciatus and Nucella sp.) were sectioned using a Buehler
precision saw, model Isomet 1000 (Figure 2.6). As these are gastropod shells, they were
then sliced perpendicular to their length, with the number of slices produced varying with
the size of the whole shell. Figure 2.7 shows two shells of different length sliced in this
way: (a) the archaeological Conomurex fasciatus on the left and (b) the fossil Nucella sp.
on the right.
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IS

Figure 2.6: Buehler precision saw (model Isomet 1000) from Department of Archaeology

at University of York. The saw was used for sectioning the sea shells in this study.

Figure 2.7: Sectioned shells: (a) the archaeological Conomurex fasciatus shell which was
sectioned into five slices. (b) The fossil Nucella sp. shell, sectioned into three slices. The
modern shells from both of the shell species were sectioned in the same way. (c) Sampling
areas for the shells used in this study showing the cross-section of a gastropod shell and
regions where the spectra were obtained. The external region is marked in red, and the

internal region is marked in green.

The sectioning of the shells also makes it possible to collect information from their
inner parts, rather than just from their external surfaces. Figure 2.7c illustrates the cross-
section of a gastropod shell, showing in red the external region and in green the internal
region, where Raman data were collected. The data obtained from these sectioned shells
were grouped according to the region of sampling, to generate representative results for
the external and internal shell regions. Regardless of the region sampled, it is important
to highlight that point data acquisition was always performed at random positions on the
slices.
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2.2.3 Powdered shell analyses

Due to the irregular surfaces of the shells, it proved difficult to keep them fixed during
Raman acquisition on the external surfaces. Glues or tapes could also not be used due to
the risk of contamination of the shells. Therefore, to circumvent these issues, powdered
shell samples were also extensively used in this research. Powdered shell samples could
be easily deposited on top of a microscope slide, split into portions if necessary, and have
random spectral collection from any part on the sample.

Shells were ground using a mortar and pestle until a fine powder was obtained. To
avoid contamination from previous materials, a brand new pestle and mortar was used.
Once ground, the shell samples were stored in glass vials.

The sample preparation for Raman acquisition was simple, with a small amount of
powder being pressed between two microscope slides in order to obtain a flat surface.
The great advantage of working with powdered samples, is the possibility of performing
Raman maps instead of single point acquisitions. In this case, the Raman maps were not
performed to obtain a spectral image of the samples, but rather to automate the process
of data collection.

As mentioned previously, the acquisition time used for shells was one second. Because
of the short acquisition time, it is possible to use the auto focusing feature on the Horiba
XploRA, which adjusts the focus for each point of the Raman map. This feature increases
the duration of the map by a few hours, depending on the map settings and on how flat
the powdered sample was.

All of the spectra from the powdered shell samples were collected using square Raman
maps. As a shared instrument, the size of each Raman map performed depended on the
availability of the Raman microscope. Also, big areas tend to be less flat than smaller

areas, thus increasing the time spent on the auto focusing feature, and as consequence,
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reducing the amount of spectra collected per hour. Therefore, the mapped area was always
between 1 and 3 mm square. The density of acquisition points varied for the same reason
and ranged from 5x5 (25 spectra), up to 12x12 (144 spectra).

One disadvantage of using a mapping tool is that even when the auto focus is used, poor
quality spectra might be obtained. Normally for manually point acquisitions, these spectra
are simply ignored and deleted, but on a Raman map the software is not discriminatory.
Thus, for all samples more spectra were collected than needed, in order to remove from
the dataset poor quality spectrum, which were normally unfocused due to the sample

topography.

2.2.4 Burnt fragment analyses

As archaeological burnt fragments are very rare, the specimens from layers three and ten
from the KM1057 shell midden were also sectioned. They were split into thirds in order
to analyse them under different experimental conditions. As the shell fragments are really
small, as shown in Figures 2.2a and 2.2b, they were sectioned using a different saw. The
sectioning took place at the Thin Section Lab in the School of Earth and Environment
at University of Leeds. The two shell fragments were cut by the technician Harri Wyn
Williams who kindly volunteered to help this research. The saw used was a ML Beach
Faceters Trim Saw, shown in Figure 2.8, which is equipped with a 4 inch continuous rim
diamond blade.

One third of each shell fragment was kept in its original condition. The two third
segments left from each shell fragment were cleaned with ultrasonic bath followed by gentle
brushing under tap water and then dried at room temperature. One of these fragments
was then ground after cleaning, with the grinding performed using the same methods

described in the ‘Powder shell analysis’ (section 2.2.3).

70



2.2 Raman Spectroscopy

Figure 2.8: ML Beach Faceters Trim Saw from the Thin Section Lab at the University
of Leeds.

In summary, each one of the burnt shell fragments shown in Figures 2.2a and 2.2b were
fractioned into three parts with the first part kept in its original condition, the second part
cleaned, and the third part cleaned and then powdered.

Random point acquisitions were used to collect Raman spectra only at the external
surface of the original, and cleaned, burnt shell fragments. For the powdered samples, the

Raman spectra were obtained using Raman maps, as described in Section 2.2.3.

2.2.5 Data analyses and curve fitting

The Labspec software from Horiba has the option to save the spectra in text format,
therefore allowing it to be exported to any other software. Each line of the Raman data
text file contains a single spectral point corresponding to the wavenumber and intensity.
All data analyses were carried out using the Igor Pro software, Version 6.32, which can
easily import the text files and perform multi-peak fittings, a feature used frequently in
this research.

For quantitative RS analyses, the three main properties from the spectral peaks are

measured: the peak position on the X-axis (wavenumber position), its amplitude or inten-
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sity, and its FWHM. Igor Pro allows the user to obtain these peak properties by controlling
all the necessary parameters for the fitting, such as the spectral region to be fitted, the
number and type of peaks with their initial estimates (positions, widths and intensities),
and the baseline curve. The software will find the best spectral fit by adapting these
initial estimates in order to obtain the smallest difference between the original and the
theoretical (or fitted) curves. This difference between curves is measured by the x? value,

which is given by:

— )2
=3 (22
where y is the theoretical value for a given point, y; is the original data value for the
point and o; is an estimate of the standard deviation for the original data [152]. In other
words, the x? value measures the accuracy of the peak fitting.

An example of peak-fitting is demonstrated in Figure 2.9 showing the lattice mode in
the aragonite spectrum fitted using five Gaussian peaks. The selected spectral range is
between 100 and 240 cm~!. The red line shows the original spectral data, and the blue
line is the fitted theoretical curve. A linear baseline correction is performed in order to
obtain the peak intensity by defining as zero intensity the line connecting the beginning
and the end of the fitted spectral range. The baseline is represented by the green line in
Figure 2.9. Once the software has reached the smallest y? value for the defined settings,
it will return the quantitative properties of each peak.

Aragonite and calcite, as explained in Section 1.2.2 of Chapter 1, have similar Raman
signatures, however the main differences between them are the number of peaks in two
regions. Specifically, aragonite has a doublet in the v4 region (~ 700 cm ™), whilst calcite
shows a single peak. In the lattice mode between ~ 100 and ~ 300 cm™!, calcite has two

well separated peaks, whilst aragonite has more than five convoluted peaks in this region.
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Figure 2.9: Curve fitting on Igor Pro. The graph shows the fitting (blue line) of the
lattice mode of aragonite (red line), with five peaks and a baseline correction in the fitted

range (green line).

These differences require the use of special settings for each case.

The aragonite Raman spectrum was divided into four regions comprising the six peaks
studied in this work (Table 2.4). The v and Ls regions were both fitted with a single
Gaussian peak in these ranges. The vy and L; regions have convolved peaks, thus each
region was fitted with two Gaussian peaks. The calcite Raman spectrum was also divided
into four regions, although these regions do not have any convolved peaks. Therefore, all
regions were fitted with single Gaussian peaks. In fitting both the aragonite and calcite
Raman spectra, only a linear baseline correction was applied. The peak positions shown
in Table 2.4 are approximated values, and the fitted spectral range is also shown. Both
quantities are measured in wavenumbers.

Igor Pro also has a programming interface allowing the user to write procedures to
perform data analysis or data processing using the imported data. For example, if the
user needs to perform the same modification to 100 spectra loaded into the software, it is

possible to create a procedure for automating this change. In this respect, procedures were

73



2.2 Raman Spectroscopy

Table 2.4: Settings for fitting aragonite and calcite Raman spectra. The peak position
column shows approximated values in wavenumbers (cm~!). The range is also measured

in wavenumbers (cm™1).

Aragonite peak fitting settings using Igor Pro

Region Peak positions Range Peak type Baseline

21 1082 1060-1100 Gaussian Linear
705 . .

vy 690-720 Gaussian Linear
701

Lo 205 195-220 Gaussian Linear
151 . .

Ly 141 125-172 Gaussian Linear

Calcite peak fitting settings using Igor Pro

Region Peak positions Range Peak type Baseline

21 1082 1060-1100 Gaussian Linear
vy 712 690-720 Gaussian Linear
Lo 280 260-300 Gaussian Linear
L4 154 125-172 Gaussian Linear

developed to perform peak fitting, where the same peaks had to be fitted under exactly the
same conditions across different spectra. These batch fittings procedures were developed
so that the quantitative results could be quickly obtained given the large amount of Raman
data that were collected on each shell sample.

Thus, when it is mentioned that a certain sample had N spectra collected, then this
means that each single spectrum was individually fitted, generating long tables containing
the quantitative properties of each fitted peak. Table 2.5 shows a simple example output
with two peaks analysed, demonstrating how this information is saved. Equation 2.3

exemplifies, for the first average of the table, how it was calculated:

N P,
AVGy =) N : (2.3)

=1
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Table 2.5: Typical representation for a quantitative results table. The averages were
calculated for the fitted positions and the FWHM results, using the standard error of the
mean as the uncertainty and the coefficient of variation the as measure of the dispersion.

The peak intensity was only assessed through intensity ratios.

SAMPLE NAME
Peak 1 Peak 2 Intensity
Spectrum . . - . .
Position Intensity FWHM | Position Intensity FWHM ratio
Spec-1 Py I Fi1 P T2 Fia I11 /52
Spec-2 Py I Fy Pao T2 Fao I21 /122
Spec-3 Ps; I3 F3 Psa Iz F3a Is1 /132
Spec-N Pn1 Ini1 Fni Pna Ino2 Fna Ini/In2
Mean AV G, AV G2 AV G AV Gy AV Gs
SDEV SDEV; SDEV, SDEV;3 SDEV, SDEV;
SE SEq SEs SEs SE4 SEs
CV Ccvi CVa CVs CV, CVs

From the averages, the following statistical quantities were obtained: the standard
deviation (SDEV), the standard error of the mean (SE) and the coefficient of variation
(CV). Equations 2.4, 2.5 and 2.6 show how these statistical quantities were calculated

using the first average (AV G1) as an example:

_ [ (Pa - AVGy)?
SDEV; = \/ &v 3 : (2.4)
sz, - 3024 o5
cv, — L0(SDEV:) (2.6)

AV Gy

The intensity of each peak was assessed by calculating the two-peak intensity ratio, as
shown in the last column of Table 2.5. Thus, no statistical quantities were calculated for
the intensity columns.

Lastly, another useful tool that Igor Pro has and was frequently used in this thesis,
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is the function for averaging graphs. Once all Raman spectra from a certain sample is
loaded into the software, this function creates a final graph, which is the average of them.
This function was applied to all samples, only to obtain a representative spectrum for all

data collected.

2.2.6 Convergence Tests

Due to biological materials being heterogeneous, spectral differences are therefore expected
in the Raman signatures obtained from different positions of the sample. To examine this
heterogeneity, statistical analysis was used to determine the minimum amount of random
sampling on each sample that would represent the whole sea shell.

Convergence tests analyse how the SE decreases with the amount of data averaged,
therefore showing how many spectra are necessary for the SE to stabilise. This test
requires a high amount of fitted data and can be applied to any peak using any quantitative
property.

Figure 2.10 shows an example of a convergence test applied to the FWHM of the main
calcium carbonate peak (1), which is a measure of the sample’s cristallinity. This simple
example has only eight points, which means that eight FWHM averages were calculated.
Each FWHM average was obtained with an increasing amount of fitted data. For example,
the first point corresponds to five averaged FWHM values, the second point to 10 averaged
FWHM values and so on. The last point in the convergence graph corresponds to the total
amount of data available, in this case 80 FWHM values. It is important that the FWHM
values generating the mean are randomly selected. The Y-axis of the graph corresponds
to the SE of each respective average. For this example test, the result suggests that the
SE converges to a minimum value from the average obtained from 25 spectra onwards.

All convergence tests performed in this research used the 14 peak, which was fitted
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Figure 2.10: Example of a convergence test for the FWHM of the main calcium carbonate
peak (v1). For the X-axis, each point represents the number of FWHM values averaged,
while the Y-axis corresponds to the SE of each respective average. The blue curve is used

only for visual guidance.

using the settings discussed in Section 2.2.5. The v; peak is present in both aragonite and
calcite Raman spectra. Since the FWHM property was studied in all of the experiments
performed in this research, it was therefore chosen as the quantitative value against which
the averages used for the convergence tests were performed.

As the convergence test requires a large amount of spectra and only analyses the
FWHM for the vy peak, the spectral range was sometimes reduced to allow more efficient
data collection. For these cases, the acquisition range was limited to the v peak region,

from 1060 to 1100 cm ™!, resulting in a reduced collection time of ~ 35 seconds.

2.3 Heat treatment

Thermal treatments were applied only to the powdered shells, as it is possible to split the

powdered samples into any required number of sub-samples that could then be treated
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Figure 2.11: Thermal treatments experiments using a (a) Nabertherm furnace (model

B180), (b) 2 ml borosilicate glass vials and an (c) aluminium block as the sample holder.

Table 2.6: Heat treatments performed on the powdered modern Conomurex fasciatus

shells. The time and temperature uncertainties are +3s and +3°C, respectively.

Samples  Treatment temperature Treatment times
100°C 4h; 8h
180°C 4h; 8h
250°C 4h; 8h
S1; S2; S3 325°C 4h; 8h
400°C 3min, 7min, 15min, 30min, 1h, 2h, 4h, 8h
500°C 3min, 7min, 15min, 30min, 1h, 2h, 4h, 8h

under different heating conditions. The heating treatments only involved the three mod-
ern Conomurex fasciatus shells (S1, S2 and S3), as defined in Table 2.1. For each heat
treatment condition, the three modern shells were used as biological replicates.

The heat treatments were performed in a Nabertherm furnace model B180 (Figure
2.11a), which has an uncertainty of +3°C. The powdered samples were treated inside
sterilised borosilicate glass vials of 2 ml of size (Figure 2.11b). In order to insert and
remove the three replicate vials precisely at the same time, an aluminium block was used
as a sample holder (Figure 2.11c).

The heat treatments were performed at constant temperatures for different amounts

of time (Table 2.6). The aim of the heat treatment was to study the aragonite-calcite
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transition. Since no transition was obtained for temperatures below 400°C after eight
hours, the shorter treatments were not included for these temperatures. The samples were
inserted inside the furnace after the desired temperature had stabilised. After achieving
the desired amount of time, the samples were then immediately removed from the furnace
and cooled down at room temperature.

The thermally treated powdered shell samples had their Raman spectra collected using

Raman maps as per Section 2.2.3, 'powdered shell analyses’.

2.3.1 Laser Heating Test

As the laser may heat the shell samples, a simple test was performed in order to check if
the laser could change the Raman quantitative parameters, i.e., whether non-destructive
Raman sampling was being performed.

To perform this test a single random position in the shell powder was chosen and
two spectra were collected, one before and one after laser photobleaching of the sample.
The spectra were obtained using the same Raman settings used in the experiments (Table
2.3). The photobleaching was performed with the density filter disabled, therefore allowing
100% laser power at the sample for 210 seconds, which is the approximate time needed to
collect a single Raman spectrum, over the full spectral range.

The spectra obtained before and after the photobleaching experiment were compared
and checked for changes in the measured quantitative parameters from the spectra. This
test was applied to bulk unheated and heat-treated shell samples, being repeated at dif-

ferent positions, five times per each sample tested.
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2.4 Scanning Electron Microscopy and Energy Dispersive
X-Ray Analyses

Scanning Electron Microscopy and Energy Dispersive X-Ray spectroscopy were performed
on Conomurex fasciatus shells, as complementary techniques on the shell fragments and
powders in order to obtain the elemental compositions of each sample.

The analyses were performed at the Nanocentre in the Physics Department at the
University of York. The electron microscope used was a FEI Sirion XL30 SFEG. The
X-Ray detector used was a Thermo Scientific Ultra Dry Silicon Drift. EDX analyses and
the SEM imaging software were provided by Thermo Scientific Noran System Six.

The powdered and fragment samples were first coated with a Pt/Pd alloy at a thickness
of ~6 nm. This preparation avoids charging the samples with the electron beam, therefore
resulting in better image quality. The coater that was used was a Ted Pella Inc. High
Resolution Coater, model 208HR with planetary stage.

Between 10 to 14 micrographs were saved at random positions for each shell sample,
using different magnifications and with EDX maps generated. The electron accelerating
voltage varied from 5 to 15kV.

For the EDX quantitative analyses, the Proza (Phi-Rho-Z) correction method was used
with the coating elements excluded from the results. The atomic percentages from each
map were averaged obtaining a single average result for each element found in the analysed

samples.
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Chapter 3

Raman spectroscopy for

comparing modern versus ancient

shells

Diagenesis is a natural process that changes the carbonate skeletons over time. This
process can compromise the isotopic information used for paleoenvironmental interpreta-
tions. In this chapter, quantitative Raman spectroscopy was applied to two different shell
species: Conomurer fasciatus and Nucella sp., comparing the modern shells with their
ancient counterparts. The aim was to characterise both modern and ancient shells looking
for Raman spectroscopic markers that could be associated with the diagenesis process.
Quantitative Raman spectroscopy parameters, such as peak intensity ratios and FWHM,
obtained from peak fitting procedures were analysed. Scanning electron microscopy was
used for investigating the Conomurez fasciatus shell microstructure and EDX was applied

to obtain its elemental composition.
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3.1 Convergence Test

Convergence tests were performed to determine the minimum number of spectra necessary
to statistically represent each shell specimen. These tests were made according to the
methods described in Section 2.2.6 of Chapter 2. Each convergence test measured the
decay of the standard error of the mean associated with the FWHM of the main calcium
carbonate peak (v; peak at 1082 cm~!) as a function of the increase in the number of
randomly averaged spectra.

These tests were performed on ancient and modern shells of the Conomurez fasciatus
and Nucella species. The convergence test was applied to all shell slices from the studied
samples (Figure 2.7 of Chapter 2). This generated two sets of results for each slice:
one for the internal and other for the external region of each respective shell slice. Due to
differences in the size between the two shell species, they were cut into a different number of
slices, as described in Subsection 2.2.2 of Chapter 2. Therefore, each Conomurex fasciatus
shell generated 10 results (from five slices), while each Nucella sp. shell generated 6 results
(from three slices).

Table 3.1 summarises the convergence tests results obtained for the four specimens. It
also shows the converged number of spectra for each shell slice. Each result was obtained
from the corresponding convergence graph, which depicted how the SE corresponding to
the 11 peak FWHM decreased with the number of random spectra averaged. Since there
are 32 graphs in total, they are not shown in this chapter and are all included in Appendix
A, displayed from Figure A.1 to Figure A.32.

The convergence tests aimed to determine the minimum amount of spectra needed per
slice to represent each shell specimen. Thus, the converged number of spectra obtained
for each slice was then averaged. This resulted into two final mean values for each shell,

one representing the external region and the other representing the internal region. These
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3.1 Convergence Test

Table 3.1: Convergence test results for the modern versus ancient shells comparison.
The converged number of spectra for which the smallest SE is achieved for the FWHM are
shown for each slice for both internal and external regions of the analysed shell specimens.
The convergence graphs that generated these results are shown in Appendix A. The row
called ‘Value set’ represents the minimum number of spectra to be collected in each slice

of the respective shells.

Conomurex fasciatus

Archaeological Modern
External Internal | External Internal
Slice 1 22 25 65 50
Slice 2 28 30 50 25
Slice 3 30 30 25 40
Slice 4 18 28 50 20
Slice 5 25 30 32 40
Mean 24.6 28.6 44.4 35
Value set 30 30 45 45
Nucella sp.
Fossil Modern
External Internal | External Internal
Slice 1 28 32 28 24
Slice 2 28 28 28 28
Slice 3 24 28 32 28
Mean 26.7 29.3 29.3 26.7
Value set 30 30 30 30

results are displayed in the row ‘Mean’ of Table 3.1. It can be seen that the mean values
of the converged number of spectra obtained for the internal and external regions of each
shell are different. Therefore, the highest mean value of the converged number of spectra
obtained for a region, either that being internal or external, was rounded up and adopted
for that shell. This is represented by the ‘Value set’ row of Table 3.1. Therefore, for the
Conomurez fasciatus species, 30 spectra per slice were defined as the minimum amount
for the archaeological shell while 45 spectra per slice were defined for the modern. For the
Nucella sp. 30 spectra per slice were set as the minimum quantity for both cases.

It is important to highlight that the ‘Value set’ row on Table 3.1 represents the number
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3.2 Averaged Raman spectra and peak assignments

of spectra to be collected in each slice of the respective shell, and not the final amount
of data. Thus, for the Conomurex fasciatus species, 150 spectra were collected in each
internal and external regions of the archaeological shell (30 spectra per slice), while a total
of 225 spectra were obtained in each region of the modern specimen (45 spectra per slice).

For the fossil and modern Nucella sp. shells, 90 spectra were collected in each region.

3.2 Averaged Raman spectra and peak assignments

Once the previously determined amount of data was obtained for each shell slice, all the
spectra collected for each shell was averaged together. These were separated only according
to the internal and external shell regions of data collection, thus generating two averaged
spectra for each shell specimen. These averaged spectra are displayed here only for the
peak assignment purposes, all quantitative data analyses were carried out by fitting each
individual spectrum, as described in the data analyses and curve fitting Section 2.2.5 of
Chapter 2.

All individual spectra obtained for the Conomurex fasciatus and Nucella sp. shells
were peak fitted and their peak positions and assignments corresponded, according to the
literature, respectively to aragonite and calcite [91,92,104]. The presence of carotenoids
and phenylalanine was noted only for the modern Conomurex fasciatus and these are
discussed further on this section. The peak positions shown in Table 3.2, along with their
respective literature assignments, correspond to the average of the positions obtained from
the fitting of all individual spectra. The uncertainty of the measured peak position is SE
of the mean.

Figures 3.1 and 3.2 show, respectively, the averaged spectra obtained for the archae-
ological and modern Conomurez fasciatus. The averaged spectra of the fossil Nucella sp.

is displayed in Figure 3.3, while the averaged spectra of its modern sample is shown in
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3.2 Averaged Raman spectra and peak assignments

Table 3.2: Measured Raman peak positions and literature assignments. The peak posi-
tions correspond to the average of the positions obtained from the fitting of all individual

spectra. Thus, their associated peak position uncertainty is the SE of the mean.

Polymorph Code Measured Literature peak assignments
position (em™1)

141.30 £ 0.05 . .
Ly Translational lattice mode [92,94,96-99]
151.30 £ 0.04
Aragonite Lo 204.80 4+ 0.04  Librational lattice mode [92,94,96-99]
700.50 £ 0.03 . .
vy In plane antisymmetric bend [52,92,94,96-99]
704.90 £ 0.03

1 1081.80 £ 0.03  Symmetric stretch [52,92,94,96-99]

L, 153.70 £ 0.08  Translational lattice mode [91,92,94,96,97,99]
L, 280.00 + 0.06  Librational lattice mode [91,92,94,96,97,99]
vy 711.90 £+ 0.03  In-plane antisymmetric bend [91,92,94,96,97,99]

Calcit
aene v 108250 £ 0.02  Symmetric stretch [91,92,94,97,99]
V3 1433.2 £ 0.1 Anti-symmetric stretch [91,92]
2us 1746.0 + 0.1 Out of plane bend - overtone [91,92]
Carotenoid Cvy 1121.3 £ 0.3 C—C stretching [153-156]
arotenoi
Ciy 1509.2 £ 0.4  C=C stretching [153-156]
Phenylalani P 999.0 £ 04 ) vlalanine ring breathing [157]
n, nine ring breathin
enylalanine 1098.9 + 0.5 enylalanine ring g

Figure 3.4. In all these figures, the external region is represented by the red spectrum and
the internal region by the green spectrum.

All spectra collected for the Conomurex fasciatus species corresponded to aragonite,
while for the Nucella sp. specimens they represented the spectral signature of calcite. As
published before in literature, the Conomurex fasciatus shell is entirely made of aragonite

[95] and the presence of calcite would be an indication of diagenesis [70,95,138,140].
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3.2 Averaged Raman spectra and peak assignments
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Figure 3.1: Archaeological Conomurez fasciatus averaged spectra. Both external (red
line) and internal (green line) shell region spectra correspond to aragonite. The assign-
ments and positions of the identified calcium carbonate peaks (L1, Lo, v4 and vp) are
shown in Table 3.2. OM corresponds to the vibrations of the organic shell matrix. The

insert shows a detail of the vy peak in aragonite.
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Figure 3.2: Modern Conomurex fasciatus averaged spectra. Both external (red line)
and internal (green line) shell region spectra correspond to aragonite. Calcium carbonate
(L1, Lo, v4 and 1v4), carotenoid (Cv; and Cry) and phenylalanine (P) peaks are identified.
Their peak positions and assignments are shown in Table 3.2. OM corresponds to the

vibrations of the organic shell matrix.

86



3.2 Averaged Raman spectra and peak assignments
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Figure 3.3: Fossil Nucella sp. averaged spectra. Both external (red line) and internal
(green line) shell region spectra correspond to calcite. The assignments and positions of
the identified calcium carbonate peaks (L1, Lo, v4, 11, v3 and 21v,) are shown in Table 3.2.
OM corresponds to the vibrations of the organic shell matrix. The insert shows a detail

of the v4 peak in calcite.
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Figure 3.4: Modern Nucella sp. averaged spectra. Both external (red line) and internal
(green line) shell region spectra correspond to calcite. The assignments and positions of
the identified calcium carbonate peaks (L1, Lo, v4, 11, v3 and 21v,) are shown in Table 3.2.

OM corresponds to the vibrations of the organic shell matrix.
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3.2 Averaged Raman spectra and peak assignments

As seen from the spectra collected in these shells, the Raman signature of aragonite
(Figures 3.1 and 3.2) and calcite (Figures 3.3 and 3.4) although similar, has some very
distinct characteristics that easily discriminate one from another. These differences are
found in the band between 100 and 300 cm™! and in the peaks around 700 cm™'.

In the band between 100 and 300 cm™! lies the translational (L;) and librational
(L) lattice modes [92,104]. The L; mode corresponds, in aragonite to two peaks that
were observed at 141.30 cm~! and 151.30 cm~! (Figures 3.1 and 3.2); as for calcite just
one peak is observed and it was measured at 153.70 cm~! (Figures 3.3 and 3.4). The
librational mode L, was measured at 204.80 cm~! for aragonite and at 280.00 cm™! for
calcite (Figures 3.1 to 3.4).

The peaks around 700 cm ™! are the internal in-plane antisymmetric bend (marked with
vy in the Figures 3.1, 3.2, 3.3 and 3.4) [92,104]. This band involves a doublet measured
at 700.50 cm~! and 704.90 cm ™! in the case of aragonite and a single peak observed at
711.90 cm ! for calcite (Figures 3.1 and 3.3). The strongest Raman band lies at ~1082
em™! (1) for both aragonite and calcite (Figures 3.1, 3.2, 3.3 and 3.4) and it is related to
the symmetric stretching of the carbonate ion [92].

For calcite the band between 1400 cm~! and 1800 cm ™! has other two rather small
peaks: the v3 measured at 1433.2 cm ™!, which is related to the antisymmetric stretch [91],
and the 2v5 observed at 1746.0 cm™', which is an overtone of the infra-red active only
mode vo [91,158]. These peaks can be seen in Figures 3.3 and 3.4.

The calcium carbonate peaks studied in this research are the translational and li-
brational modes (L; and Ls), along with the in-plane antisymmetric bend (v4) and the
symmetric stretch (v1). These were marked with L1, Lo, v4 and v; in the Figures 3.1, 3.2,
3.3 and 3.4. However, throughout this chapter they are identified by their peak positions,

as two peaks are observed for the L; and v, vibrations for aragonite, whereas only one
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3.2 Averaged Raman spectra and peak assignments

peak is observed for calcite.

Carotenoids were observed in both internal and external regions of modern Canomurex
fasciatus shell and are marked with C'v; and Cuvs in the spectra displayed in Figure 3.2.
Carotenoids are a strong natural colourant, widespread in nature that can be found in
many animals and vegetables [159]. They are polyene chains with multiple conjugated
carbon-carbon single and double bonds [153]. The two strong bands in their Raman
signature, v; (between 1400-1600 cm™!) and 15 (between 1100-1200 cm™1), are related,
respectively, to double and single carbon-carbon stretching vibrations [153-156]. The
position of the carotenoid v; peak is known to depend on the length of the carbon chain
[156,159], but within the large number of different carotenoids, the Raman spectra of the
natural carotenoids do not differ much from the /-carotene [154].

Organic residue, probably from the cleaning process, was found by RS on the external
surface of the modern Conomurex fasciatus shell. This shell was cleaned by our collabo-
rators only with fresh water, without any other chemicals being used. Thus, the presence
of organic biomolecules were found together with the aragonitic signature. This organic
residue caused the fluorescent background that is not present in the internal shell region,
as observed in Figure 3.2. Two peaks assigned to vibrations of phenylalanine are indi-
cated with P in the figure; their positions are at 999.6 cm™' and 1028.2 cm™! and are
in accordance with the literature [157]. Although phenylalanine is an amino-acid present
in the organic matrix of shells [94], the organic matrix is only detected by RS in the
high-wavenumber region above 2800 cm~! [101]. The organic matrix peaks were marked
with OM in Figures 3.1, 3.2, 3.3 and 3.4. Another piece of evidence for the presence of
these external organic molecules is the intense CH vibrations, observed from 2800 to 3100
cm ™! that are originated from the external organic biomolecules overlapping with the low

intense peaks from the organic shell matrix.
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3.3 Modern versus ancient shell comparison

For the comparison of modern versus ancient shells, as indicated by the convergence tests,
300 spectra were collected, including external and internal regions of the shells, for the
archaeological Conomurex fasciatus, 450 spectra for the modern Conomurez fasciatus and
180 spectra for each fossil and modern Nucella sp. shell. As these data are extensive,
the complete tables containing the fitting coefficients of each individual spectrum as de-
scribed in Table 2.5 from Subsection 2.2.5, of Chapter 2 are not included here. However,
summarised versions of these tables, called here statistical tables, containing only the final
average for each peak are shown in Appendix A.2 and contain all the quantitative data
split by shell species, age and shell region of spectra collection (internal or external). The
averaged information for all analysed peaks, such as the final mean value, the SE and the
CV are found in the statistical tables for the FWHM and peak intensity ratio analyses.
These eight tables (Table A.1 to A.8) are shown in Appendix A.2.

Figures 3.5 and 3.6 compare the FWHM obtained from the statistical tables between
the modern and ancient shells for the Conomurez fasciatus and Nucella sp., respectively.
Each figure compares the final FWHM mean for the (a) external and (b) internal regions
of the respective shells. The error bars represent the SE of the mean associated with the
FWHM.

As seen from these two figures, modern shells have large FWHM mean values for most
peaks in both external and internal regions. The only exception to this trend was the
141 em~! peak measured at the external region for the Conomurez fasciatus shell. The
aragonite lattice mode peak at 141 cm™! has a weak intensity Raman signal and it is

1 a combination that makes it difficult for

neighboured by a more intense peak at 151 cm™
curve fitting. This feature can be seen in Figures 3.1 and 3.2, and it is highlighted in Figure

2.9. The peak at 141 cm ™! can also be easily overcome by the fluorescent background or
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Figure 3.5: Modern versus ancient shell FWHM mean comparisons for the Conomurex
fasciatus. The FWHM mean values from the six peaks studied are shown for the (a)
external and (b) internal regions of the shell. The error bars represent the SE of the mean

over all obtained spectra.
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Figure 3.6: Modern versus ancient shell FWHM mean comparisons for the Nucella sp.
The FWHM mean values from the four peaks studied are shown for the (a) external and
(b) internal regions of the shell. The error bars represent the SE of the mean over all

obtained spectra
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3.3 Modern versus ancient shell comparison

even by noise in the cases where the quality of the spectrum is poor. Also this peak may
be fully convoluted with the peak at 151 cm™'. These problems increased the statistical
dispersion for the peak at 141 cm™!, being higher than any other peak for this shell, as
demonstrated by its coefficient of variation in Tables 3.3 and 3.4.

For the Conomurex fasciatus species, the biggest separation between the FWHM of
the modern and archaeological shells was found for the peak at 151 cm ™!, in both internal
and external shell regions; however, a separation of their FWHM was also achieved for the
peaks at 705 cm~! and 1082 cm™! (Figure 3.5). The FWHM of all peaks from modern
and fossil Nucella sp. shells were separated, for both external and internal shell regions,
as seen in Figure 3.6. Likewise for the Conomurex fasciatus, the largest difference in the
FWHM values was observed for the lattice mode peaks, i.e. at 154 cm™" and 280 cm™!
(Figure 3.6).

Tables 3.3 and 3.4 quantify the FWHM difference for each peak between modern and
ancient shells, for the external and internal shell regions of both studied species. These
tables summarise the results from the graphs shown in Figures 3.5 and 3.6. In the tables,
the peaks are sorted by the absolute FWHM difference found, placing the highest value
first. The CV column is the statistical dispersion of the population that generated the
FWHM mean for each respective peak. The CV result only informs the highest value
found, which may belong to the modern or the ancient shell.

The FWHM is correlated with the crystallinity of the material, such that the thinner
the spectral band, the higher the crystallinity of the material [50]. Therefore, the ancient
shells had their crystallinity increased through the diagenesis process. The same trend
has been noticed for archaeological bioapatites, in bones and teeth, where an increase in
the crystallinity has been linked to changes in the crystal structure caused by the loss

of collagen (organic compound) [39,160-162]. On biocarbonates, the destruction of the
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Table 3.3: FWHM difference between the modern and the ancient shell for the external
shell region. The table is sorted by the absolute FWHM difference. The CV column

informs the highest statistical dispersion found for the population that generated the
FWHM mean.

) Peak FWHM
Shell species o . _ . GV (%)
position (em~") difference (cm™)
Peak 151 1.50 + 0.09 7
Peak 705 0.70 £+ 0.05 11
‘ Peak 1082 0.60 £+ 0.02 6
Conomurez fasciatus
Peak 701 0.40 £+ 0.05 13
Peak 205 0.2 +£0.1 15
Peak 141 -0.3 + 0.1 18
Peak 154 2.2 +0.2 9
Peak 280 1.8 £ 0.1 5
Nucella sp.
Peak 712 1.1 £ 0.1 9
Peak 1082 1.00 £ 0.06 9

Table 3.4: FWHM difference between the modern and the ancient shell for the internal

shell region. The table is sorted by the absolute FWHM difference.

The CV column

informs the highest statistical dispersion found for the population that generated the

FWHM mean
Shell . Peak FWHM CV (%)
ell species
P position (ecm™!) difference (cm™!) ’
Peak 151 2.2 +£0.1 10
Peak 141 1.5 £0.1 12
_ Peak 1082 0.70 £ 0.03 8
Conomurez fasciatus
Peak 205 0.70 £+ 0.07 8
Peak 705 0.30 £ 0.05
Peak 701 0.10 £ 0.04
Peak 154 21+£0.1 10
Peak 280 1.4 £ 0.1 6
Nucella sp.
Peak 1082 0.90 £+ 0.08 12
Peak 712 0.8 £0.1 12
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organic components, or their replacement by inorganic materials, takes place during dia-
genetic alterations [138,140]. This decay of the organic matrix has also been observed for
Pleistocene brachiopod shells [163]. Perrin and Smith (2007) studied the organic skeletal
matrix of aragonitic corals with RS and linked a reduction in the intensity of the C-H
bands (2850 — 2960 cm~!) with the diagenesis process [78]. They correlated this decay
of the Raman peaks’ intensities to the hydrolysis of glycoproteins, which caused the C-H
bands to decompose into a series of multiple vibrations, hence decreasing the signal of
individual bands [78]. In their work, they also suggested that, in corals, the hydroly-
sis of the organic matrices could also initiate the recrystallisation of biogenic aragonite
into calcite [78]. In foraminiferan calcite, studies conducted with FTIR, revealed that
the dissolution of small disordered phases of the carbonate contributed to bulk increases
in crystallinity [79]. Therefore, these compositional changes led to an increase of the
crystallinity that can be used to quantify the diagenetic alterations in the ancient shells.

The peak intensity ratio analyses, unlike the FWHM analyses, does not show a clear
trend between the modern and ancient shells for the internal and external regions. Figures
3.7 and 3.8 illustrate the peak intensity ratio comparison for the Conomurex fasciatus and
Nucella sp., respectively, for the (a) external and (b) internal regions. The error bars
are represented by the propagated SE of the mean corresponding to the obtained peak
intensities.

As seen for the Conomurex fasciatus (Figure 3.7), the trends in the peak intensity
ratios are not consistent, such that the red and blue lines, which represent the modern and
archaeological shells, respectively, cross and do not display a trend that can be applied
for both internal and external shell regions. A discrepancy in the intensity ratio value
was also noticed when the same ratio is compared between the internal and external

regions, as seen in Figure 3.7. To facilitate this comparison both graphs are shown on
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Figure 3.7: Modern versus ancient shell peak intensity ratio mean comparisons for Cono-
murex fasciatus. The peak intensity ratios from the six peaks studied are shown for the
(a) external and (b) internal regions of the shell. The error bars are the SE of the mean,

over all obtained spectra, determined from the propagated peak intensity errors.
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Figure 3.8: Modern versus ancient shell peak intensity ratio mean comparisons for Nu-
cella sp. The peak intensity ratios from the four peaks studied are shown for the (a)
external and (b) internal regions of the shell. The error bars are the SE of the mean, over

all obtained spectra, determined from the propagated peak intensity errors.

97



3.3 Modern versus ancient shell comparison

the same scale. It can be seen that the external 151/1082 and 205/1082 intensity ratios
are dwarfed in comparison to the internal region ratios. Finally, for certain ratios, such
as 141/1082, 701/1082 and 705/1082, the modern and ancient shells are not separated, or
their separation is not expressive enough, as demonstrated by Figure 3.7.

For the Nucella sp. (Figure 3.8), the external and internal graphs show the same trend
observed for the Conomurezr fasciatus shells; however, the external region (Figure 3.8a)
did not show a statistically significant separation between fossil and modern shells. The
internal region (Figure 3.8b) is more sensitive to these differences, and apart from ratio
712/1082, all other ratios fully discriminated both shells. For both shells, the intensity
ratios that were able to identify some separation between modern and ancient shell were
those involving peaks from the lattice mode, such as the 151/1082 and 205/1082 for the
Conomurez fasciatus, and 280/1082 and 154/1082 for the Nucella species. The magnitude
of the lattice peaks, which arise from translational and rotational motions of the COj
groups, is determined by inter-ionic forces [103]. Thus, the peak intensity ratios reflect
the changes in the inter-ionic forces between modern and ancient samples.

The diagenesis constitutes alterations after the spatial configuration is no longer altered
by currents, organisms or desiccations, and until a primary metastable phase has been
eliminated [164]. This means that the mineral will undergo changes that will engender a
mineral stability. In biominerals the stability can be increased through the dissolution of
unstable phases, recrystallisation of the unstable phases and/or growth of new authigenic
phases [79]. Therefore, diagenesis is a difficult process to assess and, according to N.
Guzman et al. (2009), there has been little progress in understanding diagenesis over
the past 50 years [133]. Initially, it was common that only visual inspection of the shells
was used to assess diagenesis. This included the identification of weathering processes,

overgrowth of secondary calcite and the state of preservation of aragonite [138]. This visual
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classification method was soon proven inefficient when compared to other approaches, such
as the analysis of the shell’s elemental composition, the assessment of the organic matrices
or the percentage concentration of calcite [138].

Measuring the diagenesis process through analyses of the mineralogy of shells consists
in observing changes in the original mineralogy by the recrystallisation of aragonite into
calcite by X-ray diffraction, electron microscopy or spectroscopic methods [70, 138, 140].
However, this approach can only be used to assess aragonitic shells. Nonetheless, it has
to be clear that other processes may occur before the extreme case of the mineralogical
transformation of aragonite to calcite [133].

In this section, modern and ancient shells of two different species were analysed. For
both cases, their quantitative RS was able to detect differences between ancient and mod-
ern shells. However, unlike what was observed for the FWHM comparisons, the peak
intensity ratios are not consistent in all of the cases analysed, which included the two
shell species and their internal and external regions. These observations show that the
FWHM obtained from the RS results are a more reliable variable for assessing the diage-
nesis process. Thus, this quantitative Raman parameter can be used to assess diagenesis

on aragonitic shells and to complement other methods used for diagenesis evaluation.

3.4 SEM results

Scanning electron microscopy combined with energy dispersive x-ray was applied to the
modern and archaeological Conomurez fasciatus shells to obtain their elemental composi-
tion. From both specimens, a small fragment near the shoulder of the shell was removed
from the middle slice (Figure 2.7), which was also used for the RS analyses, and was coated
with 6 nm of Pt/Pd alloy to prevent charging the samples with the electron beam. The

accelerating voltage was 15 kV, with EDX analyses performed at random positions on the
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sample, and at magnifications ranging from 140x up to 4200x. Measurements were made
from the internal and external regions of the fragment (see Section 2.4 for further details
of the method).

SEM can be used to resolve the shell microstructure. Figure 3.9 shows two SEM
micrographs from an archaeological Conomurex fasciatus specimen at two different mag-
nifications (139x and 280x), taken from the internal shell region. The images suggest that
the species has a crossed-lamellar structure, which is one of the most common structures
found in the Gastropoda class [53,165,166]. The crossed-lamellar structure is described
in literature as made of crossed layers of aragonite at variable angles, most commonly
intersecting between 45 and 60 degrees, although the crossing is also possible at right
angles [53,57]. Such crossed layers can be clearly seen in the previous images.

Figure 3.10 shows three SEM micrographs from the internal region of a modern Cono-
murex fasciatus specimen. As seen in Figure 3.10a, there is a clear separation in the
shell microstructure, marked with a dotted line rectangle. Both areas from inside and
outside the rectangle have crossed-lamellar features, however orientated at different an-
gles. Higher magnification of these two areas are presented in Figures 3.10b and 3.10c,
which show, respectively, the inside and outside areas of the dotted line rectangle. These
images highlight the different orientation observed for the crossed-lamelar layer. Similar
observations in the orientation of the crossed-lamellar layer have been reported for other
gastropod shells such as Cypraea leviathan, [57] Phalium granulatum [57] and Strombus
gigas [57,166].

The previous figures (Figure 3.9 and 3.10) also show the presence of aragonite in the
Conomurez fasciatus shells. This calcium carbonate polymorph is characterised by a
needle-like morphology that is clearly depicted by SEM [57,166,167], and is evident in the

high magnification micrograph shown in Figure 3.10c.
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Figure 3.9: SEM micrographs for an archaeological Conomurez fasciatus shell fragment,
at (a) 139x and (b) 280x magnification. Both micrographs show the internal shell region

suggesting that the shell has a crossed-lamellar structure.
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Figure 3.10: SEM micrographs for a modern Conomurex fasciatus shell fragment. The
figure (a) shows a clear separation in the shell microstructure (marked with a dotted line
rectangle). Both inside and outside areas of the rectangle have crossed-lamellar features
orientated at different angles. Higher magnification of the inside and outside rectangle

areas are also shown, respectively in figures (b) and (c). — continued on the next page.
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Figure 3.10: Continued from previous page.

The SEM quantitative analyses via EDX were performed at random positions and
at different magnifications in each case; therefore, the results reflect only the analysed
portions of the shells. For the archaeological shell, nine EDX analyses were performed at
the external region, and eleven on the internal region. For the modern specimen, twelve
and thirteen EDX spectra were taken at the external and internal regions, respectively.
The quantitative results were then averaged together to compare both the internal and
external regions of the modern and archaeological shells.

Figure 3.11 compares the EDX quantitative results for the major elements (Ca, C and
0) found for the Conomurex fasciatus specimens. The atom percentage of each element is
compared between modern and archaeological shell specimens. The Figure 3.11a informs
the composition results for the internal shell region while Figure 3.11b presents the same
for the external region.

The calcium carbonate molecule (CaCOs3) has one carbon atom, one calcium atom

and three oxygen atoms. Thus, in an ideal case without impurities, the same proportion
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would be expected for the atom percentages obtained with the EDX analyses. That is
approximately what the EDX has found for the internal regions of both modern and
archaeological shells (Figure 3.11a), where the atom percentage for C and Ca is ~20%,
whilst ~60% for O, with a maximum SE of 4.7%.

However, for the external region of the modern shell, a considerable amount of carbon
was found, thus dropping the percentage values for the calcium and oxygen, and caused
a separation between the modern and archaeological lines in Figure 3.11b. This result
agrees with the Raman analyses on the external region of the modern shell, where extra
peaks from organic biomolecules were found in the majority of the spectra collected, as
consequence of the cleaning method of this shell. These organic biomolecules would then
increase the amount of carbon found in the external part of the shell, thus reflecting the
66% =4 2% atom percentage found.

Claassen and Sigmann (1993), using atomic absorption spectroscopy (AAS), indicated
that shells containing more than 40% of calcium in their composition had been subjected
to diagenetic alterations [72]. This has not been the case for the analysed archaeological
shells, since for both internal and external shell regions, the maximum percentage of
calcium found was of 20% + 2% (Figures 3.11 a and b).

The results of the quantitative analyses for the minor elements are shown in Figure
3.12, with (a) representing the internal and (b) the external regions of the shell. Magne-
sium, sulphur, potassium, sodium, zirconium and silicon were the elements found above
the detection limits. Zirconium and sodium were present at higher percentages in all
analysed samples. High concentrations of Na have also been observed in aragonitic mod-
ern gastropodes [57] and in fossil shells [139]. Apart from zirconium, all other elements
have already been identified in calcitic and aragonitic corals [69], gastropodes and bi-

valves [57,72,77,133,139).
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The calcite structure allows a wide compositional variation, including divalent cations
such as Mn, Fe, Mg, Zn, Co and Ni; while aragonite include large cations like Sr, Pb and Ba
[69]. However, the elemental composition may vary with shell species, calcite-to-aragonite
ratio, geological environment, temperature, salinity, mollusc body part, diagenesis and
time [70,72]. As a general rule, Mg tends to replace the Ca on calcitic shells, while for
aragonite Ca is normally replaced with Sr [70].

Atom percentage ratios of Mg/Ca and Sr/Ca, are used to evaluate diagenetic changes
[70,138,139]. Therefore, the comparison of the chemistry of ancient shell skeletons to their
modern counterparts would allow an evaluation of the chemical changes that occurred [70].
A decrease in the Mg/Ca ratios could indicate dissolution of the disordered phase that had
been stablised with high Mg/Ca ratios (modern) [79]. In general the Mg concentration is
observed to decrease for ancient shells [70,139].

Although Sr was not observed in the Conomurez fasciatus shells analysed, which pre-
cludes the calculation of a Sr/Ca ratio, it can be seen that the concentration of Mg
increased for the archaeological shell, on both external and internal shell regions (Figure
3.12). Such a finding however is in accordance with the results of Guzman et al. (2009)
who observed, using EDX, an increase in Mg when comparing Pleistocene to modern shells,
and a decrease in Mg when Holocene shells were compared to modern counterparts [133].
They correlated these variations for Holocene and Pleistocene shells to differences in the
original compositions or differences in the fossilisation process.

Buchard and Weiner (1981), using AAS, although noted a depletion of Sr, also observed
an increase of Mg in diagenetically modified ammonites [138]. They have demonstrated
that the Mg/Ca concentration ratio, combined with the proportion of calcite in aragonitic
samples were the most useful inorganic parameters for tracing diagenetic alterations. In

the same work, they also showed that a diagenetic classification based only on the visual
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appearance of the shells is insufficient, finding no correlation between shell appearance
and elemental composition [138].

There is no consensus on how much the Mg and Sr concentrations should change over
time and this is because the minor element content varies according to the taxa, and
also due to variations of the microstructure, mineralogy and chemical contents within a
single layer of the shell structure [140]. From Figure 3.12, it can be seen that there is not
a regular pattern for the elemental atom percentage between external and internal shell
regions; thus, making the diagenesis assessment difficult. Therefore, diagenesis cannot be
checked only within a site, but needs to be checked within a single shell or even within a

single layer of a shell [133].
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Figure 3.11: Quantitative EDX results for carbon, calcium and oxygen in the Conomurex
fasciatus shell fragment obtained from the (a) internal and (b) external shell regions.
The atomic percentages represent the average of all EDX performed, with error bars
representing the SE. In (b), the increased percentage of C for the external region of the
modern shell results from organic biomolecule residues as consequence of the cleaning

process.
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Figure 3.12: Quantitative EDX results for minor elements in the Conomurez fasciatus

shell fragments obtained from the (a) internal and (b) external shell regions. The atomic

percentages represent the average of all EDX performed, with error bars representing the

SE.
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3.5 Conclusions

Diagenesis has been a difficult process to assess, mainly for visually well preserved speci-
mens. It can be measured through the assessment of the original shell mineralogy and the
recrystallisation of aragonite into calcite. Although this approach can only be applied to
aragonitic shells, other processes may still occur before the extreme mineralogical phase
transformation of aragonite to calcite.

The aim of this chapter was to verify whether RS could be used as a complementary
technique for assessing diagenetic changes on both aragonitic and calcitic shells. Thus,
two different shell species were analysed and compared to their modern counterparts:
Conomurez fasciatus and Nucella sp. species.

Initially, convergence tests determined the minimum amount of spectra necessary to
statistically represent each shell specimen. Therefore, 150 spectra were collected in each
internal and external regions of the archaeological Conomurex fasciatus shell (30 spectra
per slice), while a total of 225 spectra were obtained in each region of the modern specimen
(45 spectra per slice). As per the fossil and modern Nucella sp. shells, 90 spectra were
collected in each region.

From the obtained Raman spectra, the Conomurex fasciatus species were characterised
as composed of aragonite, whereas the Nucella sp. specimens were represented by calcite,
with peak positions of both calcium carbonate polymorphs corresponding to the literature.
Natural colourants, known as carotenoids were observed in both internal and external re-
gions of modern Conomurex fasciatus. Peaks assigned to vibrations of phenylalanine were
observed in the external surface of the modern Conomurez fasciatus shell, characterising
remaining organic residues from the cleaning process, once only fresh water was used.

FWHM and peak intensity ratios of Raman bands were investigated as markers for

diagenetic alterations. Although the peak intensity ratio results were not consistent for

109



3.5 Conclusions

both internal and external regions of modern and ancient shells, ratios involving peaks
from the lattice mode were able to separate modern from ancient shells. Such ratios are
the 151/1082 and 205/1082 for the Conomurex fasciatus, and 280/1082 and 154/1082 for
the Nucella sp.

The FWHM of the Raman bands was noted to be a better and more sensitive marker
for diagenetic changes. For both species analysed the FWHM decreased, on both regions
of sampling (internal and external) for the ancient shells. If the statistical dispersion on
the samples, the difficulty of fitting low intensity peaks and the absolute difference on the
FWHM is taken into account, the best FWHM markers are the main calcium carbonate
peak (1) at 1082 ecm~! and the lattice mode peak (L;) at 151 cm ™ if aragonite or at 154
em ™1 if calcite.

Since the FWHM is correlated with the material’s crystallinity, this decrease in the
FWHM for the ancient shells indicates that they had become more crystalline over time.
Such increase in crystallinity has already been noticed on archaeological bioapatites and
linked to changes in the crystal structure caused by the loss of their organic compound,
which take place during diagenetic alterations. During the diagenesis of biominerals, a
mineral stability is obtained by the dissolution and recrystallisation of unstable phases or
the growth of new phases. Thus, these compositional changes lead to an increase of the
crystallinity that can be measured by RS and used to quantify the diagenetic alterations
in the ancient calcitic or aragonitic shells.

SEM was used to depict the microstructure of the Conomurex fasciatus shells, sug-
gesting that the species has a crossed-lamellar structure with different angled orientations.
It also showed the presence of aragonite, characterised by its needle-like morphology.

EDX quantitative analyses of the major elements (Ca, C and O) present in the Cono-

murex fasciatus specimens, revealed no alterations in the Ca atom percentage, with a
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maximum of 20% + 2% measured. Shells that contain more than 40% of calcium in
their composition are considered diagenetically altered. A considerable amount of carbon
(66% =+ 2% atom percentage) was found in the external region of the modern shell, thus
corresponding to the organic residue also observed with RS.

Minor compositional elements, such as magnesium, sulphur, potassium, sodium, zir-
conium and silicon were found on both internal and external shell regions. With the ex-
ception of zirconium, all other elements have already been described in corals and shells.
No regular pattern for the elemental atom percentage between external and internal shell
regions was noted; thus, making the diagenesis assessment difficult. Sr was not measured
in the Conomurez fasciatus shells analysed and an increase of Mg was observed on both
internal and external regions of the archaeological specimen. Such an increase has al-
ready been noted in Pleistocene shells and diagenetically modified ammonites. However,
there is no consensus in the literature on how much the Sr and Mg concentrations should
change over time, once this minor element content varies with the taxa, microstructure
and mineralogy.

The findings of this chapter reveal that the crystallinity of the calcium carbonate can
be a good and consistent parameter for assessing diagenesis. The crystallinity is easily
measured with RS and can be straightforwardly compared between modern and ancient
samples. Although the results are promising, more studies with shells of different ages,

species, preservation states and geographic locations are necessary to validate this method.
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Chapter 4

Quantitative study of biogenic

aragonite to calcite transition

Ancient shells are often used in palaeoenvironmental reconstructions, where heavy iso-
topes of oxygen and carbon are linked to the sea temperature and its salinity. However,
heating hampers these analyses once the isotopes are removed from the sample during the
aragonite to calcite phase transition. Thus, since archaeological shells may have endured
unintentional heating, or even intentional heating with the purpose of cooking, it is im-
portant to understand how the temperature affects them. In this chapter, quantitative
RS was used to study the aragonite to calcite transition in Conomurex fasciatus modern
shells as a first step to detecting heating evidence in archaeological sea shells. Modern
specimens were powdered and to simulate cooking these were heat-treated at constant
temperatures from 100°C up to 500°C for periods of time ranging from 3 min up to 8h.
Percent composition change from aragonite to calcite were estimated from the Raman
spectra by comparing the intensity of the aragonite and calcite lattice mode Lo peak
(~205 cm~! for aragonite and ~280 cm~! for calcite). The L1 and v, peaks were studied

to investigate their sensitivity to the heat treatments by analysing their FWHM and peak
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intensity ratios. SEM and EDX complemented the analyses carried out in the modern
powdered shells. Burnt archaeological Conomurez fasciatus fragments were analysed with
RS and their results were compared to those obtained from the modern shells, attempting
to use RS as a tool to detect evidence of heating in shells and estimate the temperature

at which it has occurred.

4.1 Convergence test on powdered samples

In order to identify the minimum quantity of spectra necessary to characterise the pow-
dered samples, a convergence test of the SE associated with the FWHM of the main
calcium carbonate peak (v1) was used. This test was explained in Section 2.2.6 and the
methods to obtain the powdered shells were detailed in Section 2.2.3 of Chapter 2. The
convergence test was applied to one of the three shell replicates used in the heating ex-
periments: the S1 sample, unheated. As shown in Figure 4.1, the stabilisation of the SE,
corresponding to the FWHM, occurred with ~200 random spectra averaged. Therefore,
for each of the three powdered replicates (S1, S2 and S3) used in this chapter, 200 spec-
tra were collected for each unheated and thermally treated sub-sample, which then were
individually fitted. For the laser heating test a different quantity of spectra was collected,

this being further explained in Section 4.3.
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Figure 4.1: Convergence test for the unheated powdered shell S1, showing how the stan-
dard error associated with the FWHM of the main calcium carbonate peak (v1) decreases
with the amount of spectra averaged. This result was used to guide the quantity of spectra
needed from each powdered sub-sample to decrease the uncertainty associated with the

quantitative measurements.

4.2 Spectral range

This chapter focuses on studying the quantitative parameters of two Raman peaks from
the calcium carbonate signature: the lattice mode L; and the main v peak, respectively
positioned around ~152 cm™! and ~1082 cm~!. These are the only peaks shared in
common by the aragonite and calcite Raman spectra.

The Figure 4.2 shows, as an example, the full spectral range of the averaged spectra
obtained for the modern Conomurex fasciatus unheated samples S1, S2 and S3. The only

L are overtones of the carotenoid vibrations

peaks present in the spectra, above 2000 cm™
(marked in the figure with *). Since there is no other mineralogical information above

2000 cm !, all graphs presented in this chapter are only displayed up to this wavenumber.

The peak assignments are detailed further in this chapter, in Section 4.4.
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Figure 4.2: Full range spectra for the unheated modern Conomurex fasciatus powdered
samples S1, S2 and S3. Each spectrum comprises an average of 200 spectra. Peaks
marked with * are from carotenoids, while all other peaks represent the spectral signature

of aragonite.

4.3 Laser heating test

It is known that several pearls and mussels have amorphous calcium carbonate in their
composition [50]; however, due to its thermodynamically unstable nature, the laser ra-
diation from RS can heat the sample and change the crystallisation into aragonite [52].
Because aragonite is thermodynamically less stable than calcite [80], and with the purpose
of checking if the laser irradiation could change the spectral parameters, a laser heating
test was conducted, photobleaching the samples for the total amount of time used in a nor-
mal spectrum acquisition, which is 210 seconds. However, for this test 100% laser power
was used, which is twice the laser power used in this work; thus, stressing the samples to
an extreme situation.

To perform the test, a single random position in the shell powder was chosen and

spectra were collected before and after photobleaching the sample, as detailed in Section
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2.3.1 of Chapter 2. Quantitative Raman parameters, such as peak position and FWHM
of the L1 and 11 peaks were then compared for these two situations. This test was
performed on the modern Conomurex fasciatus powdered sample S3, being repeated at
different positions, five times for each of the following sub-samples thermally treated at
different conditions: unheated, heated at 500°C for 15 min, and heated at 500°C for 30
min. The results suggest that photobleaching was not able to significantly change the
peak position and FWHM of peaks L; and v, as demonstrated by the averaged values of
these quantitative parameters in Table 4.1.

Other parameters such as the peak intensity ratio L;/v; and the percentage of arag-
onite and calcite were also investigated. The latter polymorph proportion was estimated
from the obtained Raman spectra using the method established by H. Edwards et al.
(2005) for mineral calcium carbonates, which consisted in comparing the peak intensities
of the Ly lattice mode of aragonite at ~205 cm™! and calcite at ~280 cm™! [105]. In
their work, they investigated the sensitivity of RS towards the discrimination of calcite
and aragonite present in the same sample by analysing prepared mixtures containing dif-
ferent proportions of the two polymorphs. They noted that in a sample comprising 50%
calcite and 50% aragonite, both the Ly peaks at ~205 cm™! and ~280 cm ™! had similar
intensities. Thus, H. Edwards et al. concluded that the relative intensity of these two
peaks could be used to estimate calcite and aragonite proportions in the same sample.
This method was used in this thesis to estimate the percentage of calcite and aragonite

by the following equations

. 100 x I28O
%Calcite = ————=, 4.1
! I05 + 1280 (41)
. 100 x 1205
%Aragonite = ————. 4.2
g I205 + I2g0 (42)

Therefore, the polymorph percentages for each of the three sub-samples, before and
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after the laser irradiation, were estimated by Equations 4.1 and 4.2. Table 4.2 shows the
results for the peak intensity ratio Lq/v; and polymorph percentage. It can be seen that
neither the peak intensity ratio nor the polymorph percentages have changed for the three

sub-samples tested, before and after the laser irradiation.

Table 4.1: Laser heating test results for the peak position and FWHM, before and
after photobleaching the modern Conomurez fasciatus powdered samples. This test was
performed on sample S3, which was thermally treated at different conditions. The results
of each condition correspond to the average over five measurements with the uncertainties

being the SE. The results suggest that no significant changes were caused by the laser

photobleaching.
Before irradiating After irradiating
Position FWHM Position FWHM
Sample S3 Peak 1 1 1 1
(em™1) (em™1) (em™1) (em™1)
L1 151.77 £ 0.08 11.8 +£0.3 151.68 +0.05 11.8 +0.2
Unheated
v1 1081.80 £ 0.08 3.81 +£0.07 1081.74 + 0.07 3.82 +0.06
. L1 152.2 £ 0.1 8.57 £ 0.04 152.3 +£0.2 8.48 +0.05
500°C - 15 min
v1 1081.84 + 0.09 3.1+0.1 1081.80 £ 0.09 3.10 +0.09
. Ly 153.40 + 0.07 8.0+ 0.2 153.43 +0.06 8.0+ 0.2
500°C - 30 min
v1 1082.27 £+ 0.04 3.17 £ 0.04 1082.25 £ 0.04 3.17 £ 0.04

Table 4.2: Laser heating test results for the peak intensity ratio and calcium carbonate
polymorph percentages, before and after photobleaching the modern Conomurex fasciatus
powdered samples. This test was performed on sample S3, which was thermally treated
at different conditions. The results of each condition correspond to the average over five
measurements with the uncertainties being the SE. The results suggest that no significant

changes were caused by the laser photobleaching.

Before irradiating After irradiating

Intensity Aragonite Calcite Intensity Aragonite Calcite

Sample S3 . .
ratio (%) (%) ratio (%) (%)
(L1/m1) (L1/v1)

Unheated 0.16 £0.01 100 0 0.17+0.01 100 0
500°C - 15 min 0.16 £0.02 82+7 18+7 0.17+0.02 83+ 7 17+7
500°C - 30 min 0.09£0.01 3+2 97 £ 2 0.09£0.01 3+£2 97 £2
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4.4 Aragonite to calcite transition

Archaeologists often use ancient sea shells for paleoenvironmental reconstruction [46,117],
e.g. linking the oxygen isotope ratio (O'®/O'6) from the shells to the temperature of
the sea water [125]. If the sea shells are archaeological, they could have been prone to
heating processes [46], such as cooking, unintentional heating when discarded in fireplaces
or even heating with the purpose to change the shell’s colour so they could be used
as ornaments [168]. It is also known that heating aragonite puts the original isotopic
information at risk, because it removes the heavy isotopes from the sample during the
phase transition to calcite [135,136], thus leading archaeologists to erroneous temperatures.
Recently, S. Milano et al. (2016) showed that isotopic ratios can change with heating even
if the aragonite to calcite transition has not taken place [134]. Because of these issues, it
is therefore important to study the effect of heating in archaeological sea shells, with the
aim of this experiment to better understand the aragonite to calcite transition in heated
shells using quantitative Raman spectroscopy.

The heat treatment involved exposing powdered Conomurex fasciatus shells to con-
stant temperatures from 100°C up to 500°C, for different amounts of time (3min, 7min,
15min, 30min, 1h, 2h, 4h and 8h). For more details on the heat-treatments see Section 2.3
of Chapter 2. Figure 4.3 shows the averaged Raman spectra for the S1 samples that were
thermally treated for four (Figure 4.3a) and eight hours (Figure 4.3b) at 100°C 180°C,
250°C and 325°C. The aragonite to calcite transition was not observed and only the spec-
tral signature of aragonite was noted in all of these cases. The averaged Raman spectra
obtained for the biological replicate samples, S2 and S3, are shown in Appendix B from

Figure B.1 to B.4.
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Figure 4.3: Raman spectra for the modern Conomurex fasciatus powdered sample S1
heat-treated for (a) 4 hours and (b) 8 hours at 100°C, 180°C, 250°C and 325°C. Spectra
were offset and each of them corresponds to the average of 200 spectra. No aragonite to
calcite transition is observed. Unheated results are shown for comparison. The carotenoid
peaks are marked with (*). The positions and assignments for the other peaks are shown

in Table 4.3. 119



4.4 Aragonite to calcite transition

The aragonite-calcite transition was noted for the samples heat treated at 400°C and
500°C, as shown in Figures 4.4 and 4.5 for the S1 shell. Similar results were also obtained
for the biological replicates, S2 and S3, and are presented in Appendix B (Figures B.5 to
B.8). In these graphs, each spectrum comprises the average of the 200 spectra collected
for each respective time-point. A complete transition to calcite is observed after 2h for
the samples heated at 400°C (Figure 4.4) and after 1h when heated at 500°C (Figure
4.5). A mixture of the spectral signatures of both aragonite and calcite is observed at the
time-point of 1h when heated at 400°C (Figure 4.4) and at the time-points of 15min and
30min for the heat treatment at 500°C (Figure 4.5).

The peak positions and assignments for the unheated aragonite and converted calcite
are shown in Table 4.3. The peak positions shown in this table were obtained from
peak fitting procedures performed in each individual spectra collected for the unheated
aragonite and converted calcite heat-treated at 500°C for eight hours. These sub-samples
were chosen because at these conditions they are only composed of aragonite (unheated
sub-sample) or calcite (500°C for 8h sub-sample). These peak positions were then averaged
across all spectra obtained for the three samples (S1, S2 and S3), with the peak position
uncertainties being the standard error of the mean. The translational (L) and librational
(L) lattice modes are observed in the bands between 100 and 300 cm ™! [92,104], which
were, respectively, measured at 151.50 4+ 0.03 cm ™! and 205.20 & 0.03 cm ™! for aragonite,
and at 154.40 + 0.05 cm™! and at 280.40 + 0.03 cm™! for calcite. The internal in-plane
antisymmetric bend (v4) involves a doublet in the case of aragonite and a single peak for
calcite [92,104] (Figures 4.4 and 4.5). The aragonite doublet was measured at 701.60 +
0.04 cm™! and at 705.90 & 0.03 cm ™', while the single peak for calcite was observed at
713.40 4 0.03 cm~!. The strongest Raman band corresponds to the symmetric stretching

of the carbonate ion [92], and it was measured at 1082.10 4+ 0.03 cm~! and at 1083.90 +
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Figure 4.4: Raman spectra of the aragonite to calcite transition at 400°C for the modern
Conomurez fasciatus powdered sample S1. Each spectrum corresponds to the average of
200 spectra collected from each sub-sample heated for different times. The aragonite to
calcite transition is noted after 1h, where initially a mixture of the spectral signatures of
aragonite and calcite is observed. The unheated results are shown for comparison. The
peaks associated with carotenoids and amorphous carbon are marked with (*) and (\),

respectively. The positions and assignments for the other peaks are shown in Table 4.3.

0.04 e, respectively for aragonite and converted calcite.

Figures 4.3, 4.4 and 4.5 also show the peaks associated with carotenoids (marked with
*), which are a strong natural colourant widespread in nature and found in many animals
and vegetables [159]. Carotenoids are polyene chains with multiple conjugated carbon-
carbon single and double bonds [153]. The two strong bands in their Raman signature, v

(between 1400-1600 cm ') and v (between 1100-1200 cm™~!) are related, respectively, to
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Figure 4.5: Raman spectra of the aragonite to calcite transition at 500°C for the modern
Conomurez fasciatus powdered sample S1. Each spectrum corresponds to the average of
200 spectra collected from each sub-sample heated for different times. The aragonite to
calcite transition is noted after 15min, where initially a mixture of the spectral signatures
of aragonite and calcite is observed. The unheated results are shown for comparison. The
peaks associated with carotenoids and amorphous carbon are marked with (*) and (\),

respectively. The positions and assignments for the other peaks are shown in Table 4.3.

double and single carbon-carbon stretching vibrations [153-156]. The position of the v
peak depends on the length of the carbon chain [154,156,159].

When sea shells are heated, the organic matter can be converted to amorphous car-
bon [137], which has no crystalline structure and can contain any mixture of diamondlike,
graphitelike and hydrocarbons [8,10]. Amorphous carbon can originate from the decom-

position of the carotenoids and impurities during heating. The Raman spectrum for disor-
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4.4 Aragonite to calcite transition

Table 4.3: Peak positions and assignments for biological aragonite and converted calcite.
The peak positions are the average across all spectra obtained for the analysed bio-replicate
samples (S1, S2 and S3) for the unheated aragonite and converted calcite heat treated at

500°C for eight hours. The uncertainties are the standard error of the mean.

Polymorph Code Measured Literature peak assignments

position (em™1)

Ly 151.50 4+ 0.03 Translational lattice mode [92,94,96-99]
Ly 205.20 + 0.03 Librational lattice mode [92,94,96-99]
Aragonite 701.60 £ 0.04 ) .
vy In plane antisymmetric bend [52,92,94,96-99]
705.90 4+ 0.03
1 1082.10 &+ 0.03 Symmetric stretch [52,92,94,96-99]

Ly 154.40 £ 0.05 Translational lattice mode [91,92,94,96,97,99]
Converted Lo 280.40 &+ 0.03 Librational lattice mode [91,92,94,96,97,99]
calcite V4 713.40 + 0.03  In plane antisymmetric bend [91,92,94,96,97,99]
vy 1083.90 £ 0.04 Symmetric stretch [91,92,94,97,99]

dered carbon has two strong bands: the D band around 1400 cm~! and the G band around
1600 cm ™! [10], which were studied by many authors on synthetic samples [8,10-12].
Amorphous carbon bands are marked with A in Figures 4.4 and 4.5, showing the D
and G bands. Evidence of amorphous carbon is seen in the sub-samples heat-treated for
one hour onwards (Figures 4.4 and 4.5). In the same figures the carotenoid peaks are
seen fading over time for a set temperature. The carbon present in the crystal structure
of mineral content of the shell does not contribute to the appearance of the amorphous
carbon as the transition from calcite to calcium oxide (CaO) happens at a much higher
temperature. This transformation was verified to start around ~700°C in ark clam shells;
however, calcite was completely decarbonised only at ~800°C [89]. S. W. Lee et al.
remark that they verified the calcite to CaO transformation above 600°C for oyster shell;
however, no specific values or results were presented in their publication [169]. The smallest
transition temperature to calcium oxide for biogenic samples, obtained by S. Yoshioka

and Y. Kitano (1985), who worked with many different species of sea shells and corals, is
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4.4 Aragonite to calcite transition
816°C [84].

The estimated percentages of aragonite and calcite, for the three analysed samples,
are shown in Figure 4.6, where the error bars are SE associated to the average of 200
spectra for each time-point. These percentages were, as previously explained in Section
4.3, estimated from the spectra using the method established by H. Edwards et al. (2005),
which compares the relative intensities of the aragonite and calcite Lo peak (librational
lattice mode) by Equations 4.1 and 4.2 [105]. For the phase transition of aragonite to
calcite, as expected, a majority of aragonite was observed in the quicker time-points while
a predominance of calcite was found for the longer time-points (Figure 4.6).

From Figure 4.6, it can be seen that the calcite signature appeared between 1h and
2h of heating for 400°C (Figure 4.6a) and between 15 min and 30 min for 500°C (Figure
4.6b). About 20% of the aragonite was converted into calcite after the sample had been
heat treated for 1h at 400°C, with a full conversion happening after 2h (Figure 4.6a). At
500°C, about 10% of the aragonite was converted to calcite in the initial 15min of heating,
followed by a conversion of around 80% after 30min of heat treatment (Figure 4.6b). Thus,
it is noted that full polymorph transition happened more rapidly at 500°C. The error bars
in Figure 4.6 are larger during the phase transition due to a higher statistical dispersion
of polymorph percentages at these time-points, expected for a structural transition.

The translational lattice mode (L;) and the COz? symmetric stretch (1) peaks at
~153 cm™! and ~1082 cm ™!, respectively, were carefully inspected as they are common in
both aragonite and calcite phases; therefore, both peaks are present in all spectra collected.
The peak intensity ratio (L;/v1) was found to be a marker for the phase transition, as
shown in Figures 4.7 and 4.8. Figure 4.7 illustrates how this peak intensity ratio behaves
with the time of the samples in furnace at 400°C (Figure 4.7a) and 500°C (Figure 4.7b).

The large drop, in the intensity ratio values, shows when the transition to calcite started,
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Figure 4.6: Aragonite to calcite phase transition of the modern Conomurez fasciatus
powdered samples (S1, S2 and S3) for heat-treatments at (a) 400°C and (b) 500°C. The
graphs show the estimated percentage of aragonite and calcite obtained at each time point
by comparing the relative intensities of the librational lattice mode peak (Lg) from their
Raman spectra (Equations 4.1 and 4.1). The error bars are the SE associated to the

average of 200 spectra for each time-point.
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4.4 Aragonite to calcite transition

i.e. after 1h at 400 °C and after 15 min at 500 °C. These results match the percentage
information curve exhibited in Figure 4.6. The lattice modes of geological calcite and
aragonite are greatly affected by variations of temperature, while the internal oscillations
of the CO§2 group are not affected to the same extent [87,103]. Thus, since the peak
intensity ratio L;/vy is calculated between lattice and internal vibrational modes, the
results observed in Figure 4.7 could be mostly driven by variations of the L; peak. As the
L, /vy peak intensity ratio is sensitive to the calcium carbonate phase, it can be used as a
complement to the method established by H. Edwards et al. (2005) [105], for estimating
the polymorph percentages.

Most published works have studied the aragonite to calcite transition by heating the
sample at a fixed rate. In these studies, the transition of geological and synthetic aragonite
occurred at higher temperatures ranging from 450°C to 480°C [84-87]. As per biogenic
aragonite, the transition temperature is dependent on the species. Some of the lowest
values of the transition temperature were recorded for corals and ranged from 280°C to
360°C [84,86]. The oyster species Pinctada mazima had an aragonite to calcite conversion
happening in the broad range of 300°C to 400°C [88]. As per shells, S. Yoshioka and Y.
Kitano (1985) noticed a phase transition at 350°C for the Saxidomus purpuratus, Hyriopsis
schlegeli, Corbicula japonica, and at 330°C for the Pinctada martensii [84]. These lower
phase transition temperatures observed in the literature show that biogenic aragonite is
less thermally stable than geological or synthetic aragonites [84]. In this thesis, the study
focused on the variation of the heating time for a set temperature. Thus, the ratios
obtained for all samples heat treated for four and eight hours were plotted against the
temperature (Figure 4.8), revealing that for the Conomurex fasciatus shells the conversion

started at temperatures greater than 325°C and ending at a maximum temperature of

400°C.
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Figure 4.7: Intensity ratio of the L; (~153 cm™!) and v; (~1082 cm™!) peaks during
the aragonite to calcite phase transition of the modern Conomurex fasciatus powdered
samples (S1, S2 and S3) for heat treatments at (a) 400°C and (b) 500°C. The large drop
in the peak intensity ratio values represents the start of the aragonite-calcite transition,
i.e. after 1h at 400 °C and after 15 min at 500 °C. The error bars are the SE for the peak

intensity ratios associated to the average of 200 spectra for each time-point.
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Figure 4.8: Intensity ratio of the L1 (~153 cm™!) and 11 (~1082 cm™!) peaks as function

of temperature for the modern Conomurex fasciatus powdered samples (S1, S2 and S3)

heat-treated for (a) four and (b) eight hours. For temperatures up to 325°C, the shells were

mainly composed of aragonite, which was then converted to calcite above that temperature.

The error bars are the SE for the peak intensity ratios associated to the average of 200

spectra for each time-point.
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4.4 Aragonite to calcite transition

When a palaeoenvironmental reconstruction is being made, it is necessary to investigate
if recrystallisation of the shell mineralogy has occurred. The aragonite-calcite transfor-
mation changes the oxygen isotopic ratios, thus leading to the determination of erroneous
paleotemperatures [125,136]. This is due to the replacement of the O'® atoms by the
lighter O'® from the atmosphere [136]. Until very recently, archaeologists were only inter-
ested in knowing if the structure had changed, which would alter the isotopic composition.
However, S. Milano et al. (2016) noted that while a heating at 300°C for 20 min and 60
min did not cause the full aragonite-calcite conversion, it did cause an overestimation of
the paleotemperatures [134]. As Figures 4.6 and 4.7 show, the samples had to be heated
for around 15 min to trigger the transition at 500°C, while at 400°C it took about 1
hour. Therefore, the aragonite-calcite conversion cannot be the only parameter taken
into account to detect heating evidence in archaeological sea shells, as they could have
been heated for an amount of time shorter than that necessary to trigger the transition.
Thus, if recrystallisation has not occurred, it is important to provide alternative methods
that can identify heat-treatments of shells. To investigate this, the crystallinity of cal-
cium carbonate was also studied to determine if there were detectable changes related to
heat-treatment prior to the aragonite to calcite phase transition.

In RS measurements, the crystallinity of a material is measured by the FWHM of the
spectral bands. The thinner the spectral band, the higher the crystallinity of the material,
and vice-versa [50]. Figures 4.9 and 4.10 illustrate how the FWHM of the L; and vy
peaks varied with the time of heating in furnace at 400°C (Figures 4.9a and 4.10a) and
500°C (Figures 4.9b and 4.10b). A decrease in the FWHM of both the L; and v peaks is
observed after seven minutes for the samples heat treated at 400°C and after three minutes
for the samples heat-treated at 500°C. In both cases, these changes happened before the

phase transition.
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Figure 4.9: FWHM of the L; (~153 cm™!) peak with increasing time in furnace at (a)
400°C and (b) 500°C for the modern Conomurex fasciatus powdered samples (S1, S2 and
S3). The vertical line marks the start of the aragonite to calcite transition. From the
maximum to the minimum values achieved, the FWHM dropped ~36% in (a) and ~32%
in (b). A decrease in the FWHM indicates an increase in the sample crystallinity. The

error bars are the SE associated to the average of 200 spectra for each time-point.
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Figure 4.10: FWHM of the v; (~1082 cm™!) peak with increasing time in furnace at
(a)400°C and (b)500°C for the modern Conomurex fasciatus powdered samples (S1, S2
and S3). The vertical line marks the start of the aragonite to calcite transition. From the
maximum to the minimum values achieved, the FWHM dropped ~18% in (a) and ~15%
in (b). A decrease in the FWHM value indicates an increase in the sample crystallinity.

The error bars are the SE associated to the average of 200 spectra for each time-point.
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4.4 Aragonite to calcite transition

Biogenic aragonite and calcite have anisotropic structural lattice distortions when com-
pared to geological or synthetic compounds [73-75]. These lattice distortions have been
verified in 12 different types of shells comprising bivalves, gastropods and cephalopods
and were similar for all of them [76]. B. Pokroy et al. (2007) noted that in biogenic
aragonite, an increase in its crystallinity is obtained even for short periods of annealing
(30min to 1h) at temperatures from 50 to 350°C, which relieves the lattice distortions
reverting the lattice parameters close to the values of geological aragonite [73]. They also
used mass spectrometry analyses to show that COs discharge in biogenic aragonite starts
at 70°C, reaching a peak at 250°C, while in geological samples this discharge only hap-
pened at much higher temperatures of 500 - 600° and its only source would be the CaCO3
to CaO decomposition [76]. Thus, they assumed that this low temperature discharge of
CO5 would be related to the degradation of the shell’s organic matrix. These observations
led them to conclude that the lattice distortions observed in the biogenic aragonites were
correlated to the organic macromolecules that support the strained mineral lattice and
degrade under heat-treatment, leading to a mineral lattice relaxation and a size reduction
of the crystal blocks [73,76]. Thus, the decrease in the FWHM and therefore, increase in
the crystallinity of the heat-treated Conomurex fasciatus samples (Figures 4.9 and 4.10)
originates from the degradation of the organic macromolecules in the shell structure.

The increase in the crystallinity of the heat-treated Conomurexr fasciatus samples is
more evident for the lattice mode peak L, which decreased, from the maximum to the
minimum measured values, ~36% at 400°C and ~32% at 500°C (Figure 4.9). The v; peak
(symmetric stretch of the CO;2 ion) decreased ~18% and ~15%, respectively for the heat
treatments performed at 400°C and 500°C (Figure 4.10). This trend agrees with RS ob-
servations that the lattice modes of geological aragonite are more sensitive to increasing

temperatures and that they reflect progressive rotational disordering preceding the arag-
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4.4 Aragonite to calcite transition

onite to calcite transition [87]. This trend was observed for the geological carbonates as
shifts in peak positions and changes in the FWHM during heat-treatments performed up
to 800°C in the case of calcite, and up to 450°C in the case of aragonite [87]. The inter-
nal modes are also temperature dependent, but with a smaller contribution, reflecting a
greater expansion of the C-O bond length with temperature [87].

After the aragonite-calcite transition, thermal expansion leads to the next transition,
from calcite to calcium oxide, which has been reported to take place over 600°C in biogenic
samples [84,89,169]; thus, happening at a much higher temperature than those used in this
work. Thus, to understand the nature of an increase in the FWHM after the aragonite
to calcite transition (Figures 4.9 and 4.10), the graphs for this quantitative parameter
were also plotted as a function of the temperature, grouping all the samples treated for
four and eight hours. These comparisons are shown in Figures 4.11 and 4.12. As seen
in both figures, the FWHM of both L; and v; peaks decrease with temperature reaching
its smallest value at 400°C and 325°C, respectively. Once this minimum point had been
reached, the FWHM starts to increase for both peaks. S. A. Markgraf and R. J. Reeder
(1985) used XRD to study the crystal structure of the calcite noting a thermal expansion
of the crystal when heated from the room temperature to 900°C [102]. Often these changes
in the crystal volume or bond length are linked, in RS, to shifts in the peak positions [87].
Such simple volume thermal expansion was also attributed to a FWHM increasing of the
lattice peaks in geological calcite heated up to ~800°C [87]. In a work using Raman
spectroscopy, P. K. Narayanasway (1947) analysed the spectrum of calcite at different
temperatures (up to 425°C), reporting a broadening of the two lattice mode and vy peaks
with increasing temperatures [103]. Thus, the increase in the FWHM values after the
aragonite-calcite transition is probably related to the thermal expansion of the calcite

crystal prior to the next phase transition to CaO.
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Figure 4.11: FWHM of the (a) Ly (~153 cm™!) peak and (b) v; (~1082 cm™1) peaks
as function of temperature for the modern Conomurex fasciatus powdered samples (S1,
S2 and S3) heat-treated for 4h. The shaded area marks the temperature range for which
the aragonite to calcite transition takes place. After the transition, the FWHM of both

peaks starts to increase.
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Figure 4.12: FWHM of the (a) Ly (~153 cm™!) peak and (b) 4 (~1082 cm™1) peaks
as function of temperature for the modern Conomurex fasciatus powdered samples (S1,
S2 and S3) heat-treated for 8h. The shaded area marks the temperature range for which
the aragonite to calcite transition takes place. After the transition, the FWHM of both

peaks starts to increase.
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4.5 SEM of heat treated shells

4.5 SEM of heat treated shells

SEM was used to inspect the modern Conomurex fasciatus powdered sample S1 as un-
heated and thermally treated at 500°C for 30min and 8h. EDX was also performed on
each of the previous conditions plus the time-point of 15min at 500°C. The EDX was
used for compositional analysis, focusing on determining if the presence of minor elements
varied with the heating times. For more details about the SEM and EDX experiments,
please refer to Section 2.4 of Chapter 2.

Figure 4.13 compares the SEM micrographs for the unheated and heated modern Cono-
murex fasciatus powdered sample S1. Aragonite has a very distinct needle-like structure
shape, whereas calcite is represented by rhombohedral structures [69,167,170]. Figure
4.13(a) shows the needle-like structure of aragonite found in the unheated powdered S1
shell. Figure 4.13b shows the micrograph of powdered S1 shell heat treated at 500°C dur-
ing 30 min, where the coexistence of both phases is observed. Finally, Figure 4.13(c) shows
the characteristic rhombohedral structure of calcite, which was converted from aragonite
after a heat treatment of eight hours at 500°C. The conversion from aragonite to calcite
was confirmed by RS (Figure 4.6).

Table 4.4 shows the average atom percentage of major elements (Ca, C and O) found in
each analysed sample, corresponding to the proportion for the calcium carbonate molecule
(CaCOg3). The degradation of the organic molecules is believed to be the responsible for
the increase in the sample’s crystallinity [73,77]. The measured carbon atom percentage
remained fairly constant for all analysed heat treatments. This indicates that the EDX
results may correspond only to carbon from the carbonate in the mineral shell matrix
instead of carbon present in the organic shell matrix.

The presence of impurities, such as Fe, Zn, Pb or Mn, are known to influence the

growth rate of crystals during crystallisation, inhibit phase formation and change the
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Figure 4.13: SEM micrographs for the modern Conomurex fasciatus powdered sample
S1 at different heat treatments: (a) unheated, showing the needle-like aragonite structure,
(b) treated at 500°C for 30 minutes, showing the presence of both aragonite and calcite
phases and (c) treated at 500°C for 8h, showing the characteristically rhombohedral calcite

crystals.
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4.5 SEM of heat treated shells

Table 4.4: Quantitative EDX results for major elements in the modern Conomurez
fasciatus powdered sample S1. The atom percent values were averaged over the number

of EDX taken in each sample, with the uncertainties being the SE.

S1 sample EDX taken Averaged atom percentages
Ca C 0]
Unheated 11 2242 14+1 6241
15 min at 500°C 11 22+1 17+1 61+1
30 min at 500°C 12 20.04+0.3 13.6+0.1 64.84+0.3
8 h at 500°C 13 20.24+0.2 13.94+0.4 64.5+0.2

crystallinity in synthetic carbonates [68]. Table 4.5 shows the average atom percentage of
minor elements found in each sample. Sulphur, zirconium, silicon and sodium were present
in all samples regardless of the heating time, whereas magnesium was only detected in the
sample that was heated for 15min at 500°C. It is commonly known that calcitic shells, as
a rule, contain high concentrations of sulphur and magnesium [71]. However, the presence
of sulphur in the analysed samples results from the aragonite phase prior to its conversion
to calcite. Although the EDX analyses were repeated several times, it has to be clear that
the analysed areas are small, ranging only of a few microns, and do not reflect the whole
powdered samples. This then explains why magnesium was only detected in one sample,
regardless of it being detected in the modern Conomurex fasciatus sample analysed in
Chapter 3. Additionally, the elemental composition can also varies with shell species,
geological environment, temperature and salinity of the sea, mollusc body part, amongst
others [70,72].

From Table 4.5, no trend is observed in the impurity percentage values with heating
times. The highest impurity concentration was found for zirconium and sodium, with a
mean percentage ranging from 0.39% to 0.79%, while the other impurity atoms ranged
from 0.03% to 0.14%. According to B. Pokroy et al. (2004), the concentrations observed

here are not enough to lead to lattice distortions in biogenic aragonites [77]. Thus, they
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4.6 Burnt fragments

Table 4.5: Quantitative EDX results for minor elements in the modern Conomurex
fasciatus powdered sample S1. The atom percent values were averaged over the number

of EDX taken in each sample, with the uncertainties being the SE.

S1 sample EDX taken Averaged atom percentages
S Zr Si Mg Na
Unheated 11 0.09+£0.02  0.7£0.2  0.094+0.04 not detected 0.46+0.03
15 min at 500°C 11 0.07£0.01  0.3940.08 0.074+0.02  0.08+0.04 0.40+0.02
30 min at 500°C 12 0.14+0.01  0.7940.02 0.03+0.01 not detected 0.60+0.03
8 h at 500°C 13 0.09£0.01 0.73£0.04 0.074+0.03 not detected 0.47+ 0.01

could not have influenced the changes observed in the Raman quantitative parameters
during the heat treatments. Additionally, these impurities also could not be used as

parameters to determine whether a shell has been heated.

4.6 Burnt fragments

The two burnt fragments, found in layers three and ten from the KM1057 shell midden,
were also characterised with RS. The fragments were identified as burnt Conomurez fas-
ciatus by their visual appearance, which exhibited visible charring signals (Figure 2.2 of
Chapter 2). As explained in that Chapter, the two fragments were split and analysed
under three different sample preparation conditions: (i) original, (ii) cleaned and, (iii)
cleaned and powdered, generating sub-fragments for each sample. The Raman quantita-
tive parameters of these fragments were compared to the representative obtained from the
heating of the modern shells. The aim was to verify if the FWHM and the peak intensity
ratio L1 /vy could determine if these fragments had been heated, for how long and at which
temperature.

Table 4.6 summarises the quantitative data obtained for the L; and vy peaks under
all studied conditions. The peak positions, FWHM, peak intensity ratios and percentage

of calcite were obtained from the average of all spectra collected for each type of sample
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4.6 Burnt fragments

preparation, with the uncertainties being the SE. The calcium carbonate polymorph per-
centage composition was again estimated using the method established by H. Edwards et
al. (2005) [105] (Section 4.3, Equations 4.1 and 4.2). Although the archaeological shells
have visual indication of heating, different percentages of calcite were estimated in the
sub-fragments according to the type of sample preparation. Full conversion to calcite was
observed for the powdered samples from layers three and ten and for the cleaned layer 10
sub-fragment.

Such full calcite conversion cannot be attributed to the manual sample grinding with
a pestle and mortar. Studies on archaeological shells have shown that such method does
not activate the aragonite to calcite transformation [171,172]; however, mechanical drilling
has been observed to convert about 6% of the aragonite in otoliths [173] and up to 20%
of the aragonite of archaeological shells [171]. The smaller calcite percentages found from
the external surfaces were probably caused by an aragonite contamination from the shell
midden since the majority of shells in the midden were not burnt and composed of arago-
nite. Mechanical cleaning using air-abrasive systems with aluminium oxide is an effective
way of removing surficial contamination [171]. However, this method implicates in re-
moving the shell skeleton surface. Thus, as only water and a brush were used in the
cleaning process, they may not have been sufficient for removing all the external con-
tamination, demonstrated by the same calcite percentage obtained for the original and
cleaned sub-fragments from layer three (Table 4.6). It is worth highlighting that in the
original and cleaned sub-fragments, the spectra were collected only from the external shell
surface, comprising 60 spectra. For the powdered sub-fragments, the entire volume was
sampled, comprising a total of 200 spectra. Therefore, only the results from the powdered
sub-fragments were compared to the representative obtained from the heat treatments

performed in the modern shells.
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4.6 Burnt fragments

Table 4.6: Quantitative Raman parameters for the burnt Conomurex fasciatus shell frag-
ments from layers three and ten in the KM 1057 shell midden. Original and cleaned sample
preparation conditions comprise averages of 60 spectra, while the powdered comprises 200

spectra. The uncertainties are measured by the SE.

Burnt fragment from Layer 3

Fragment Peak Position FWHM Peak Intensity Calcite
ea

condition (em™) (em™) ratio (Li/v1) (%)

o Ly 151.4£0.2 9.0 4 0.2

Original 0.11 £ 0.007 78+1
vy 1081.18 £ 0.09 41£0.1
L 151.3£0.1 8.8 +0.2

Cleaned 0.10 + 0.007 79+1
12 1082.34 £ 0.07 3.92 £0.09
Ly 152.48 £ 0.07 10.12 +0.05

Powdered 0.11 £+ 0.002 99.9 £ 0.1
V1 1082.74 £ 0.06 4.45 4+ 0.02

Burnt fragment from Layer 10

Fragment Poak Position FWHM Peak Intensity Calcite
ea

condition (em™) (em™) ratio (Li/11) (%)

o Ly 152.2+0.1 8.6+ 0.2

Original 0.09 4+ 0.008 91+1
121 1081.68 £ 0.09 3.80 £0.07
L1 152.8 £0.1 8.0£0.1

Cleaned 0.08 £+ 0.005 100+ 1
151 1082.26 £ 0.07 42+0.1
Ly 153.07 £ 0.05 9.89 £0.05

Powdered 0.11 £ 0.002 100+ 1
vy 1082.84 £+ 0.05 4.35+0.03

The peak intensity ratios Li/vq obtained for the powdered burnt fragments match
the values found for the modern shells after the aragonite to calcite transition, thus also
indicating a full polymorph conversion (Figure 4.14). Similar results were also found when
these ratios were plotted against the temperature for heating times of 4h and 8h (Appendix
B, Figure B.9). As the graphical trends for the modern samples show, the L;/vy peak
intensity ratio remains constant after this transition occurs.

When a full conversion to calcite is observed in aragonitic archaeological shells it
could have been caused either by the heating process or significant diagenetic alteration,
which causes the dissolution of aragonite and calcite recrystallisation. Thus, since the

analysed Conomurez fasciatus fragments had charring signals (Figure 2.2 of Chapter 2),

141



4.6 Burnt fragments

only the heating conversion is considered. In the modern shells, the full aragonite to calcite
conversion only took place when the samples were heated for at least 2h at 400°C or 1h at
500°C (Figure 4.6), indicating these as minimal heating times and temperatures for the
burnt Conomurez fasciatus fragments (Figure 4.14).

The FWHM values of the L; peak (~153 cm™1) for the burnt Conomurez fasciatus
fragments are in the range obtained for the modern shells and the results corresponding to
the burnt fragments cross the values found for the modern shells at the points correspond-
ing to a heating of 15min at 400°C (Figure 4.15a) and 7 min at 500°C (Figure 4.15a).
However, as previously explained (Figure 4.6), the full aragonite to calcite transition only
occurs, in a modern shell, after one 2h of heating at 400°C or 1h of heating at 500°C.
Thus, as it was estimated that the powdered sub-fragments were composed only of calcite,
such heating conditions (15min at 400°C or 7 min at 500°C) cannot be considered because
they correspond to aragonite. From the same Figure 4.15, it can be seen that the calcite
FWHM increases with heating time after the aragonite to calcite conversion. The same
is observed when the FWHM of the vy (~1082 cm™!) peak is plotted against the heating
time for temperatures at 400°C and 500°C (Appendix B Figure B.10). Therefore, it is
expected that there might be a heating time greater than 8h and/or greater than 500°C,
where the modern shell results will cross the results obtained for the burnt fragments.
To check the latter possibility, the FWHM of the L; (Figure 4.16) peak was plotted as
function of the temperature for a heating treatment of 8h. This graph points that in
a temperature greater than 500°C the burnt fragments results would coincide with the
heated modern samples. Therefore, indicating that the burnt fragments could have been
heated at temperatures greater than 500°C. Similar indication is also obtained from the
v1 peak (Appendix B Figure B.11). From the experiments performed with the modern

shells, it was noted that as the temperature increases, the full aragonite to calcite transi-
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Figure 4.14: Comparison of the intensity ratio L /v from the burnt Conomurex fasciatus
fragments with the heated modern shells (S1, S2 and S3) as function of increasing time
in the furnace for temperatures of (a) 400°C and (b) 500°C. The peak intensity ratios
obtained for both burnt fragments are superposed. Full aragonite to calcite conversion is
observed only after 2h heating at 400°C and 1h heating at 500°C (marked by the shaded

areas), thus indicating minimal heating times and temperatures for the burnt fragments.
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4.6 Burnt fragments

tion happens with shorter heating times (Figure 4.6). Thus, at temperatures greater than
500°C, the aragonite to calcite transition would happen in less than one hour of heating.
The burnt fragments may not have been exposed to temperatures greater than ~700°C to
~800°C because this is the range for the calcite to CaO transformation in biogenic sam-
ples [84,89,169] and only calcite was observed in the analysed fragments. Additionally,
shells treated at such elevated temperatures become brittle, as demonstrated by S. Milano
et al. (2016) [134], and probably would not survive the shell midden environment.
Estimating the temperature to which a shell had been submitted has implications
for the interpretation of a site that has burnt shell fragments. V. Aldeias et al. (2016)
proposed that the assemblages containing shells with mixed mineralogy (calcitic and arag-
onitic shells of the same species) would indicate cooking, whilst completely calcite trans-
formed assemblages indicate in burning, and therefore, should be interpreted as fire places
rather than roasting hearths [142]. They studied the effect of different roasting procedures
on aragonitic shellfish, testing methods consisted by constructing shallow depressions with
heated rocks, placing the shells on top of hot embers and ashes, and kindling short-lived
fires on top of the shells [142]. In such roasting procedures, the temperature of fire os-
cillated between ~400°C and ~900°C. Thus, temperatures greater than 500°C could be
easily produced. In the shallow depression method studied by them, the shells did not
come into direct contact with fire, thus not converting to calcite, and the temperature of
~160°C produced by this method cooked the shellfish; the other two methods caused a
widespread transformation of shells from aragonite to calcite and only few of the shellfish
were not burnt and thus, edible [142]. The complete aragonite to calcite transformation,
thus takes place when the shells are thrown into fire [142] or when they are the substrate
underlying a fire [174]. The deposition of products from a hearth can indicate if it had

been lit on top of a mound and later cleaned away and covered with more shells [174].
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Figure 4.15: Comparison of the FWHM of the L; (~153 cm™!) peak of the burnt
Conomurez fasciatus fragments with the heated modern shells (S1, S2 and S3) results as
function of increasing time in the furnace at (a) 400°C and (b) 500°C. Full aragonite to
calcite conversion is observed only after 2h heating at 400°C and 1h heating at 500°C
(marked by the shaded areas), thus indicating minimal heating times and temperatures

for the burnt fragments.
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Figure 4.16: Comparison of the FWHM of the L; (~153 cm™!) peak of the burnt
Conomurez fasciatus fragments with the heated modern shells (S1, S2 and S3) as function
of temperature for a heat treatment of 8h. The shaded area marks the temperature range
for which the aragonite to calcite transition takes place. After the transition the L,
FWHM starts to increase, indicating that the burnt fragments could have been exposed

to temperatures greater than 500°C.

Therefore, following this logic, the burnt Conomurez fasciatus fragments could have been
exposed to fire places rather than being roasted with the purpose of cooking.

A good starting point of such investigation is the analysis of the shell mineralogy. If
such a shell is known to be only composed of aragonite, the presence of calcite might
indicate that it could had been heated. As demonstrated by the results presented in this
section, FWHM values of Raman spectra can be used to estimate temperatures to which
shells had been exposed before and after the aragonite to calcite transition. Nonetheless,
in order to provide more accurate results, many other temperatures and heating times
have to be covered by RS. There is a lack of spectroscopic studies in this area and further

research, combined with other techniques, and applied to other shell species, may unlock
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enough information to precisely determine temperatures and heating times.

4.7 Chapter conclusions

Quantitative RS allowed the detection of changes in the crystalline structure of the arag-
onite present in the modern Conomurez fasciatus powdered shells that were heat-treated
for seven minutes or more at 400°C and 500°C. These observations could help find evi-
dence of heating in archaeological shells that show no visual alterations or that have not
undergone the full aragonite to calcite transition.

The L;/v; peak intensity ratio was found to be a marker for the aragonite to calcite
phase transition. Such as the method suggested in the literature by H. Edwards et al.
(2005) [105], this intensity ratio could also be used for estimating the percentages of
aragonite and calcite. The L /vy peak intensity ratio determined that a complete aragonite
to calcite conversion happened after 2h for the modern powdered shells heated at 400°C
and after 1h when heated at 500°C. The decay in the L;/vy peak intensity ratio values
shows when the transition to calcite occurs. However, for such a peak intensity ratio to
be used for estimating the polymorphs percentages, many more time-points would need
to be included in the time range for which the transition takes place. Additionally, such
a method would also need to be tested and validated with the use of mixed proportions
of aragonite and calcite.

Although the L /vy peak intensity ratio is sensitive to the polymorph phase, it cannot
be the used to determine if a shell had been heated if the aragonite to calcite transition
has not occurred. The FWHM of both the L and 1y peaks, from the spectra obtained
from the powdered modern shells, proved to be sensitive to heat treatments. A heating
of only seven minutes at 500°C was already sufficient to decrease the FWHM of both

peaks. In spectroscopy, a decrease in a peak’s FWHM is associated to an increase in the
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crystallinity of the material. For both peaks, this increase in the crystallinity was observed
before the phase transition and is believed to originate from the degradation of the organic
macromolecules in the shell structure. According to the literature, this degradation then
leads to a mineral lattice relaxation and a size reduction of the calcium carbonate crystal
blocks. The presumed degradation of the organic macromolecules could also be related
to the appearance of amorphous carbon that became more evident, in the spectra of the
modern heated shells, for increasing heating times at 400°C and 500°C.

A decrease in the crystallinity (or increase in the FWHM of the L; and vy peaks) of the
modern shells was observed after the aragonite to calcite transition had occurred, with
these probably related to the thermal expansion of the calcite crystal before the phase
transition to calcium oxide. Such transition is observed, in the literature, to occur from
~700°C to ~800°C.

Impurities such as Fe, Zn, Pb and Mn are known to influence the crystal growth rate
and to affect the crystallinity of synthetic carbonates; however, they were not found in the
samples analysed with EDX. The presence of S, Zr, Si, Mg and Na was observed with atom
percent values ranging from 0.03% to 0.79%. There was also no direct relation between
the impurities atom percent values and the heating times.

In the literature, the lattice vibrations of geological aragonite are more affected by
increasing temperatures than the internal modes of the carbonate group, thus reflecting
a progressive rotational disorder that precedes the aragonite to calcite transition. Such
sensitivity was also observed in the results obtained for the heated modern shells for which
the FWHM of the L; peak decreased 36% and 32%, respectively for heat treatments at
400°C and 500°C, while the v; FWHM decreased 18% and 15% for the same temperatures.

The Raman quantitative parameters of the burnt archaeological Conomurex fasciatus

fragments were compared to the Lj/v; peak intensity ratio and FWHM trends obtained
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from the heating of the modern shells, as a function of temperature and time. The peak
intensity ratio values obtained for the burnt fragments matched the modern shells’ trends,
indicating a transition to calcite. A full conversion to calcite was also estimated by using
the relative intensity of the Lo lattice mode peaks, as established by H. Edwards et al.
(2005) [105]. The FWHM values obtained for the burnt fragments were outside the time
and temperature range covered by the modern heated shell results. However, as indicated
by the increase in the FWHM of the L; and v; peaks, after the aragonite to calcite phase
transition, the fragments could have been heated at temperatures greater than 500°C.
The fragments may also not have been exposed to temperatures greater than ~700°C to
~800°C, as this is the range for the calcite to calcium oxide transformation, which makes
the shells brittle and fragile. However, for the method to be more accurate, additional
heating times and temperatures need to be included in quantitative RS studies of modern
heat shells.

Knowing if a shell had been heated, and at which temperature, has implications in the
interpretation of archaeological sites that contain burnt shell fragments, as they could be
related to the action of cooking. Additionally, archaeological shells are also important for
marine paleoclimatology, which is studied by correlating the temperature and salinity of
the sea with isotopic ratios in shells. However, it is known that erroneous temperatures
might be inferred if paleoenvironmental reconstructions are made using shells that had
been heated. To date, the classification of heated shells has been made purely by visual
observations or by the transition to calcite in aragonitic shells. However, this is not
accurate if the heating has not caused a colour alteration or such polymorph transition.
This chapter demonstrated that RS is sensitive enough to detect if a shell had been heated.
The spectral bands L1 and v were sensitive to heat induced changes. Their FWHM can be

used to predetermine if a shell underwent heating, even if the aragonite to calcite transition
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has not taken place. Their peak intensity ratio (L1 /v1) is sensitive to the polymorph phase
and can be used as a marker for the aragonite to calcite phase transition. To date this
is the first time that the effects of heating in biogenic aragonite and aragonite to calcite

transition were studied using quantitative Raman spectroscopy.
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Chapter 5

Assessing diagenesis of shells from

different layers in a shell midden

with RS

This chapter describes additional experiments performed with RS on the Conomurez fas-
ciatus shells where two archaeological shells obtained from layers 3, 6 and 10 from the
KM1057 shell midden were compared with modern Conomurex fasciatus samples. As the
results obtained in Chapter 3 demonstrated that RS could be used to assess diagenesis
in shells, the same quantitative analyses of the calcium carbonate peaks, corresponding
to the FWHM and peak intensity ratio analyses, were then applied to these additional
experiments. The aim of these analyses is to explore the potential of RS in verifying the
conservation state of the shells from different layers by comparing their Raman quantita-

tive parameters.
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5.1 Summary of the different layers of the KM1057 shell

midden

The shell middens of the Farasan Islands are one of the largest concentrations of shell
mounds known and only started being surveyed in 2006 [143]. They form an almost pristine
distribution of material with little damage or destruction due to the inaccessibility of the
islands, which were military areas until recently, as well as there being a low population
density, lack of modern developments and rarity of visiting archaeologists [143].

The KM1057 shell midden is located at the Khur Maadi Bay and is 30 m in diameter
and 3 m high, therefore it is considered a large mound. It is dominated by layers of Cono-
murez fasciatus shells; however, near the top section there are two layers of Conomurez
fasciatus shells with an ash matrix (Figure 5.1a), while other shell species, as Chama re-
flexa and Spondylus marisrubri were observed in five thinner layers near the top and the
base of the excavated section (Figure 5.1a) [143]. Due to no animal bones, fish or plant
seeds being found in the KM1057 shell midden, this mound is thought to have been an
intensive processing site for the Conomurex fasciatus shells [143]. The overlapping dates of
5515-5110 cal BP for the uppermost layer and 5461-5046 cal BP for the lowermost layer,
obtained with radiocarbon dating, suggested that the shells were rapidly accumulated in
the midden [143].

Aragonitic shells affected by diagenetic alterations have their mineralogy altered by
the conversion of the biogenic aragonite into calcite [70,133,138,140]. Such a calcium
carbonate phase transition can also be triggered by heating [46,134,136,137]. The previous
Chapters 3 and 4 showed that RS is a promising technique to investigate diagenesis and
taphonomic alterations as demonstrated by the comparison of the FWHM of peaks from

the Raman spectra of modern and archaeological Conomurex fasciatus shells in Section 3.3
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Figure 5.1: Sections of the KM1057 shell midden, showing (a) the large prevalence of
Conomurez fasciatus shells and the relative little occurrence of a matrix ash (grey and
black areas near the top) and other shell species, such as Chama reflexa and Spondylus
marisrubri (white areas near the top and the base). This image was adapted from the
drawing made by Matthew Meredith-Williams [143], and (b) cross-section of the KM1057
shell midden specifying the layers and the dominant shell species in each of them. The
numbers in the white boxes correspond to bags of specimens collected in spits in each

layer. Drawn by Dr. Eva Laurie, University of York.

in Chapter 3 and by the results of the heating experiments performed in the Conomurex
fasciatus shells presented in Sections 4.4 and 4.6 from Chapter 4, where both FWHM
and peak intensity ratios were investigated. Therefore, since the KM1057 shell midden
has been rapidly accumulated, RS was investigated as a means of verifying if shells from

different layers had been differently affected by diagenetic alterations.
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5.2 Averaged Raman spectra and peak assignments

5.2 Averaged Raman spectra and peak assignments

Two archaeological Conomurez fasciatus shells, per layer, from layers 3 (denoted here
L3S1 and L3S2), 6 (denoted L6S1 and L6S2) and 10 (named L10S1 and L10S2), from
the KM1057 shell midden, were studied. Layer 6 is the largest layer in the excavated
shell midden; therefore, the specimens used in this experiment came from the mid-section
(specimen bag 305, Figure 5.1b). As explained in Sections 2.1 and 2.2.3 of Chapter 2,
the archaeological shells from KM1057 were cleaned with fresh water and dried at room
temperature. Figure 5.2 shows the six studied archaeological shells before being processed.

The shells were then powdered using a pestle and mortar.

Layer 10

Figure 5.2: Images of the Conomurex fasciatus shells from layers 3, 6 and 10. Two
different shell samples were randomly selected from each layer (S1 and S2). Before the
Raman measurements, the shells were cleaned with fresh water, dried at room temperature
and then powdered using a pestle and mortar. Raman spectra were randomly collected

from the powdered shells.
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5.2 Averaged Raman spectra and peak assignments

The analyses of powdered samples allows a random sampling of the entire shell, whilst
for bulk shell analyses, the data collection is restricted to the internal or external surfaces.
From a sample subset of each powdered shell, 200 spectra were randomly collected as deter-
mined by the convergence test results for powdered shell analyses performed in Section 4.1
of Chapter 4. The averaged spectra of each shell are shown in Figure 5.3 and illustrate the
studied peaks (marked in the figure), which were identified as corresponding to aragonite

or calcite vibrations by comparison with literature references [52,91,92,94,96-99].

T T T T T T T T T T T T T T T T T T T T T T I T T T T T T

Vs Archaeological Conomurex fasciatus
—— Shells from Layer 3

—— Shells from Layer 6

—— Shells from Layer 10

Lo L3S1
L3S2

f\w
W

Arbitraty Intensity (counts/s)

L1081
L10S2

1500 2000 2500 3000

Wavenumber (cm'1)

Figure 5.3: Averaged Raman spectra of the archaeological Conomurex fasciatus shells
from layers 3, 6 and 10. Two specimens were analysed for each layer, with the averaged
spectra comprising 200 Raman measurements obtained from each shell. Specimens from
layer 3 are composed of aragonite (L3S1 and L3S2). The librational lattice mode peak (Ly)
is observed at ~205 cm™! for aragonite and at ~280 cm™! for calcite. Such calcite peak
was observed only in the samples from layers 6 and 10, indicating a recrystallisation of the
biogenic aragonite into calcite. Peak assignments and corresponding literature references
can be found in Table 5.1.
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5.2 Averaged Raman spectra and peak assignments

The obtained spectra were individually analysed, with peak fitting procedures per-
formed on the carbonate peaks as described in Section 2.2.5 of Chapter 2. The spectra
obtained from the specimens of layer 3 showed the Raman signature of aragonite, while
the spectra of shells from layers 6 and 10 showed an admixture of aragonite and calcite
peaks (Figure 5.3). The measured peak positions and corresponding literature references
for each peak can be found in Table 5.1. These measured peak positions are the average
across the 400 spectra obtained for the analysed shell samples S1 and S2 from layers 3, 6

and 10, with the standard error of the mean representing the peak position uncertainties.

Table 5.1: Peak positions and assignments for aragonite and calcite observed in the
Conomurez fasciatus shells from layers 3, 6 and 10 in the KM1057 shell midden. The
peak positions are the average over the 400 spectra obtained for the analysed replicate
samples (S1 and S2) from the different layers. The peak position uncertainties are the
standard error of the mean. Only aragonite was observed in layer 3, while an admixture

of aragonite and calcite were found in both replicate samples from layers 6 and 10.

Layer Peak Measured Literature peak assignments

Code position (cm™1)

Ly 152.02 + 0.02 Translational lattice mode [92,94,96-99]
Lo 205.48 + 0.02 Librational lattice mode [92,94,96-99]
Layer 3 701.62 £ 0.01 . .
V4 In plane antisymmetric bend [52,92,94,96-99]
705.94 £+ 0.01
vy 1082.23 £ 0.01 Symmetric stretch [52,92,94,96-99]
Ly 151.76 £+ 0.04 Translational lattice mode [92,94,96-99]
205.25 + 0.04 .
Lo Librational lattice mode [91,92,94,96,97,99]
280.35 £+ 0.05
Layer 6
701.06 £ 0.04 _ .
vy In plane antisymmetric bend [52,92,94,96-99]
705.36 £+ 0.04
1 1082.59 + 0.04 Symmetric stretch [52,92,94,96-99]
Ly 151.87 + 0.06 Translational lattice mode [92,94,96-99]
205.40 £+ 0.06 . ) .
Lo Librational lattice mode [91,92,94,96,97,99]
280.2 + 0.2
Layer 10
701.06 £+ 0.06 . .
vy In plane antisymmetric bend [52,92,94,96-99]
705.38 £ 0.06
2 1082.34 + 0.05 Symmetric stretch [52,92,94,96-99]
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

The L; and v; peaks are the bands observed in both aragonite and calcite spectra
and correspond, respectively to the translational lattice mode and symmetric stretch vi-
brations. Their peak positions listed in Table 5.1, correspond only to aragonite for the
layer 3 samples, and to the aragonite-calcite admixture for the samples from layers 6 and
10. The calcite peak measured at ~280 cm™!, assigned to the librational lattice mode
(Ly), was only observed in the spectra of shells from layers 6 and 10 (Figure 5.3). All the
other peaks correspond only to aragonite vibrations and are the librational lattice mode
peak (L) measured at ~205 cm™! and the internal in-plane antisymmetric bend (v4), a

characteristic doublet in the aragonite spectra, measured at ~701 cm~! and ~705 cm™! .

5.3 Diagenesis assessment - presence of calcite and FWHM

analyses

One indication of diagenetic alteration is the presence of calcite in aragonitic shells [46,
70,133, 138, 140]. Aragonite is an unstable calcium carbonate polymorph and, during
diagenesis, the mineral stability is obtained by the dissolution and recrystallisation of this
unstable phase or the appearance of new phases, such as the recrystallisation of biogenic
aragonite into calcite [46,79].

Although predominately composed of aragonite, the analysed archaeological Cono-
murex fasciatus shells presented different percentage compositions of aragonite, as demon-
strated by Table 5.2. This mineral composition was estimated from the Raman spectra
using the method proposed by Edwards et al. (2005) [105] and explained in Section 4.3 of
Chapter 4. This method consists of examining the relative intensities of the Ly peak of the
aragonite and calcite, respectively at ~205 cm™! and ~280 cm™'. The percentage mineral

composition was obtained for each measured Raman spectrum and then averaged over the
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

Table 5.2: Percentage composition of aragonite in the archaeological Conomurez fasciatus
shells from different layers in the shell midden. The composition was estimated with RS
by using the method proposed by Edwards et al. (2005) [105] and explained in Section
4.3 of Chapter 4. The percentage values were obtained in each Raman spectrum collected
and then averaged over the 200 measurements performed on each shell. The percentage

aragonite composition uncertainties are the standard error of the mean.

Archaeological Aragonite

Conomurex fasciatus (%)

Sample 1 (L3S1) 99.5 £ 0.4
Layer 3

Sample 2 (L.3S2) 99.4 + 0.4

Sample 1 (L6S1) 911
Layer 6

Sample 2 (L6S2) 83 + 2

Sample 1 (L.10S1) 95.5 £ 0.9
Layer 10

Sample 2 (L10S2) 97.1 + 0.8

200 measurements performed for each shell. The partial conversion of aragonite to calcite
is confirmed by the estimated aragonite percentage values shown in Table 5.2, which were
higher for the upper part of the midden (layer 3) and lower for the archaeological shell
samples from layers 6 and 10. For the modern shells, the aragonite percentage was esti-
mated in 99.2% £ 0.5%, 99.5% £ 0.3% and 100%, for the sample replicates S1, S2 and
S3 respectively. The aragonite-calcite admixture spectra observed in layers 3, 6 and 10
corresponded respectively to 2, 137 and 40 spectra amongst the 400 spectra collected for
both samples of each layer. The lowest values for aragonite were obtained for the two shell
specimens from layer 6, for which 91 & 1% and 83 & 2% of aragonite were estimated, thus
indicating that in these shells more of their original biogenic aragonite has recrystallised
into calcite.

The shell midden depth could affect the pressure over the accumulated shells. Although
the aragonite-calcite transition is not induced by pressure at room-temperature [87], arag-
onite is known to be more stable for increasing pressures [81], which would implicate in
observing higher concentrations of calcite for layer 3. However, the results presented in

Table 5.2 show no correlation between the shell midden depth and the presence of cal-
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

cite. A similar conclusion was also made by Sheng et al. (2005), who showed that on
Earth-surface conditions, pressure was not influencing the biogenic aragonite to calcite
conversion in fossilised land snail shells [83].

As demonstrated in Chapter 3 (Section 3.3), the FWHM of calcium carbonate peaks,
associated to the Raman spectra of shells, was a sensitive marker to assess diagenesis due
to its ability to distinguish modern from archaeological Conomurezx fasciatus shells. In
that chapter, the best markers were the FWHM of the main calcium carbonate peak vy at
~1082 cm~! and the FWHM of the translational lattice mode L at ~151 cm~!. Therefore,
to evaluate diagenesis, a comparison in terms of the FWHM, was performed between the
archaeological Conomurex fasciatus shells from the different shell midden layers with the
modern Conomurez fasciatus specimens. The spectra of the modern Conomurex fasciatus
shells had already been collected and individually fitted, with the procedures described in
Section 2.2.5 of Chapter 2, for the analyses performed in Chapter 4.

The modern versus different layer FWHM comparisons are shown from Figure 5.4 to
5.6. The investigated peaks were the Ly (151 em™!), Ly (205 cm™!), v4 (701 cm™! and
705 cm~!) and v; (1082 cm™!). It is important to remember that the L; and vy peaks
are common in both aragonite and calcite spectra. All other peaks are present only in
the aragonite spectra. The FWHM of these peaks was measured in each of the obtained
Raman spectra and then averaged over the 200 spectra collected for each sample on the

different layers.
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Figure 5.4: FWHM of the lattice mode peaks at (a) 151 em™! (L;) and (b) 205 cm™!

(Ly) from the Raman spectra of modern Conomurex fasciatus shells and archaeological

shell specimens from layers 3, 6 and 10 of the KM1057 shell midden. The FWHM was

measured in each individual spectrum and then averaged over the 200 Raman measure-

ments performed for each shell. The error bars represent the SE associated to the FWHM.

A clear separation is observed between the FWHM of modern and archaeological shells.
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Figure 5.5: FWHM of the v4 peaks at (a) 701 cm™! and (b) 705 cm™! from the Raman
spectra of modern Conomurex fasciatus shells and archaeological shell specimens from
layers 3, 6 and 10 of the KM1057 shell midden. The FWHM was measured in each
individual spectrum and then averaged over the 200 Raman measurements performed for
each shell. The error bars represent the SE associated to the FWHM. A clear separation
is observed between the FWHM of modern and archaeological shells.
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Figure 5.6: FWHM of the v peak at 1082 cm™! from the Raman spectra of modern
Conomurez fasciatus shells and archaeological shell specimens from layers 3, 6 and 10 of
the KM1057 shell midden. The FWHM was measured in each individual spectrum and
then averaged over the 200 Raman measurements performed for each shell. The error bars
represent the SE associated to the FWHM. A clear separation is observed between the
FWHM of modern and archaeological shells.

A clear separation between the FWHM of the analysed peaks from modern and ancient
shells can be observed in all of these comparisons, with the FWHM of the modern samples
presenting higher values than those of the archaeological specimens. When the FWHM
of the archaeological shells is compared only across layers, a decreasing trend for the
lattice mode peaks L; (151 cm™!) and L (205 cm™!) is observed as function of the
shell midden depth (Figure 5.4). The same trend is also observed for the first doublet
peak corresponding to the vy vibration at 701 cm~! (Figure 5.5a). However, for the
second doublet peak (705 cm’l), the two analysed archaeological shell specimens showed
contrasting features, with one of them displaying a decreasing, and the other an increasing,

in the FWHM as function of the mound depth (Figure 5.5b). No decreasing, nor increasing
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

trend, is observed for the FWHM of the main calcium carbonate peak v; (1082 cm™!) as
function of the mound depth (Figure 5.6).

As discussed in Chapter 3, in spectroscopy the crystallinity is associated to the FWHM,
for which smaller values correspond to an increasing crystallinity of the analysed sample
[50]. Thus, although there has been some variability among the results of the archaeological
shells, their smaller FWHM values could indicate that they are more crystalline than the
modern specimens.

An enhancement in the crystallinity has already been verified for archaeological bioa-
patites and linked to the loss of their organic matrices, which then caused changes to
their crystal structure [39,160-162]. The destruction of the organic components or their
replacement by inorganic materials has also been observed on diagenetically altered bio-
carbonates [78,138,140,163]. Thus, the lower FWHM values obtained for the archaelogical
shell samples when compared to the modern Conomurex fasciatus specimens could be due
to a loss of the organic matrix. An increase in the crystallinity of biogenic calcium car-
bonates can be caused by a degradation of the organic macromolecules present in the
shell organic matrix [73,76,138,140]. Additionally, as demonstrated by Perrin and Smith
(2007), the total or partial destruction of the organic matrices, in corals, is a pre-requisite
for the recrystallisation of aragonite [78]. Therefore, since the archaeological shells from
layers 3, 6 and 10 are mainly composed of aragonite, the loss of organic matrices, allied
with the biogenic aragonite dissolution and recrystallisation, could be causing the lower
FWHM values observed in the archaeological shells.

In general, the smallest difference in the FWHM values is observed between modern
and layer 3 shells. The exceptions are for the FWHM values of the v, peak at 705 cm ™! and
for the v peak at 1082 cm ™!, for which the smallest separation was between modern and

layer 10 archaeological specimens (Figures 5.5b and 5.6, respectively). For each studied
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

Table 5.3: Minimum and maximum FWHM values obtained respectively for the pow-
dered modern and archaeological Conomurez fasciatus shells. For each peak, the modern
specimen values correspond to the smallest averaged FWHM for these shells, while the
archaeological specimen values correspond to the biggest averaged FWHM across the dif-
ferent layers, as observed in Figures 5.4, 5.5 and 5.6. The FWHM uncertainties are the SE.
The percentage difference corresponds to the smallest difference between the maximum

and minimum FWHM values obtained for the analysed shell samples.

Peak Modern Archaeological  Percentage difference
specimen specimen (%)
151 (Ly) 11.56 £+ 0.06 9.60 + 0.04 16.9
205 (L)  7.20 £ 0.02 6.73 =+ 0.03 6.5
701 (vq)  3.71 £0.02 3.58 £ 0.03 3.5
705 (vq)  4.18 £0.02 3.85 £ 0.03 7.9
1082 (1) 3.91 £ 0.01 3.49 + 0.02 10.7

peak, the minimum and maximum values for the separation between the averaged FWHM
of modern and archaeological Conomurex fasciatus shells (observed in Figures 5.4, 5.5
and 5.6) are shown in Table 5.3, which also displays the percentage difference between
such FWHM values. These minimum values correspond to the smallest averaged FWHM
measured for the modern shell samples, while the maximum values were obtained from the
biggest averaged FWHM measurement amongst the archaeological Conomurex fasciatus
shells. The biggest percentage differences, between the respective minimum and maximum
averaged FWHM values of modern and archaeological shells, were obtained for the L peak
at 151 cm ™!, corresponding to the translational lattice mode vibration, and for the vy peak
at 1082 cm ™!, which is the main calcium carbonate peak and is related to the symmetric
stretch of the carbonate ion.

The above results are in accordance with those obtained in Chapter 3, where the
modern Conomurex fasciatus shell was compared to an archaeological specimen, for which
the better and more sensitive markers for diagenetic changes were obtained for the same
peaks (Section 3.3 of Chapter 3). It has to be remembered that the analyses in Chapter

3 were done for the internal and external regions of bulk shells, while in this Chapter,
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

the Raman measurements were performed on powdered shell samples. As previously
highlighted, the L; and v; peaks are vibrational frequencies observed in the same Raman
bands for both aragonite and calcite [92,99]. Although aragonite and calcite also have a

similar band at ~704 ¢m !

, corresponding to the in-plane antisymmetric bend, this band
has different features depending on the carbonate polymorph, displaying a single peak for
calcite or a doublet in the case of aragonite [92,99]. In general, due to the similarities
between the L; and v vibrational frequencies, these peaks are not used to distinguish
one calcium carbonate polymorph from another. However, it could be that because these
vibrations are observed at almost the same wavenumbers for both aragonite and calcite,
these two bands are favourable for the discrimination of modern and archaeological shells
and, therefore, for the assessment of diagenesis. The layer 6 samples presented the lowest
FWHM for the Ly peak (Figure 5.4a), which could be associated with the higher presence
of calcite observed in these samples (Table 5.2). However, the same correlation cannot be
made for the v peak, for which the lowest FWHM values were observed for the layer 3
samples (Figure 5.6), where calcite presence was the lowest (Table 5.2).

In Chapter 4, the lattice mode peak L; was more sensitive than the v peak to the
heat-treatments performed to the modern powdered Conomurex fasciatus, during which
the aragonite was converted into calcite. Thus, considering these observations regarding
the lattice mode peaks, the coefficient of variation of the FWHM of each studied peak
was investigated. The CV values are shown in Table 5.4, along with the minimum and
maximum measured FWHM values and their mean. The table shows that the lattice mode
Ly (151 cm™!) and Ly (205 em™!), when compared to the other peaks, had in general a
consistently lower CV amongst all of the analysed archaeological Conomurex fasciatus

shells, suggesting that they are more effective in measuring diagenetic alterations.
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5.3 Diagenesis assessment - presence of calcite and FWHM analyses

Table 5.4: Coefficient of variation (CV), mean and minimum and maximum FWHM

values of Raman peaks for the archaeological Conomurex fasciatus shells from layers 3,
6 and 10. The lattice mode peaks L; (151 ecm™!) and L (205 cm™!) show, in general,

consistently lower CV than the other measured peaks for the analysed archaeological shell

specimens. The uncertainties are the standard error of the mean over the average of 200

spectra obtained for each shell sample.

Statistics for the aragonite peaks analysed

in the Conomurez fasciatus shell spectra

Peak 151 Peak 205 Peak 701  Peak 705 Peak 1082

Mean (cmfl) 9.60+£0.04 6.73£0.03 3.58+0.03 3.64+0.04 3.3540.01

L3S1 Min—Max (cm_l) 8.48-12.15 5.68-8.50 2.55-5.00 2.58-6.14  3.01-5.00
CV (%) 5.75 5.92 11.53 13.83 6.18

Mean (cmfl) 9.36+£0.04 6.66+£0.03 3.57+0.03 3.61+0.03 3.3240.01

L3S2  Min—-Max (cm_l) 8.39-13.25 5.79-10.13 2.50-5.40 2.51-5.94 2.94-4.95
CV (%) 5.99 7.10 11.11 12.96 5.95

Mean (cm_l) 8.50+£0.05 6.45+0.03 3.47+0.03 3.70+0.03 3.4640.02

L6S1 Min—Max (cmfl) 5.91-10.63 5.66-8.49 2.51-4.95 2.50-5.36 2.77-4.57
CV (%) 7.74 5.63 10.50 12.08 9.70

Mean (cm_l) 8.66+0.03 6.38+£0.02 3.57+0.03 3.514+0.03 3.4740.02

L6S2  Min—Max (cm_l) 7.80-10.49 5.59-7.26  2.58-5.00 2.58-4.93  2.89-4.60
CV (%) 4.25 3.49 10.35 11.61 8.44

Mean (cm_l) 8.87+0.03 6.49+0.02 3.42+0.03 3.854+0.03 3.4940.02

L10S1 Min—Max (cm_l) 6.95-10.23 5.63-7.85 2.72-4.79 2.68-4.81 3.02-5.13
CV (%) 4.87 5.19 11.15 9.95 9.18

Mean (cmfl) 8.91+0.03 6.30£0.02 3.42+0.02 3.50+0.03 3.3640.02

L10S2 Min—Max (cm_l) 7.99-11.09 547745 2.66-4.86 2.64-5.52 2.86-5.23
CV (%) 5.39 4.77 8.65 10.27 8.94

The lattice mode peaks are more sensitive to the structural changes suffered by the

calcium carbonate, and observed as peak position shifts and changes in the FWHM of geo-

logical calcium carbonates during heat-treatments [87,103]. Pokroy et al. (2006), studying

12 different types of shells with XRD noted a lattice distortion in all bio-aragonites when

compared to geological aragonite [76]. They observed that heating degraded the organic

molecules, thus causing a lattice relaxation that led to lattice parameters close to those
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of geological aragonite [76]. The reversion, upon heating, of the biogenic aragonite lattice
parameters to values closer to those of geological aragonite was also observed in other
studies [73,75,77]. Similarly to heating, diagenesis also causes the degradation of the
organic shell matrix, and therefore could also lead to a lattice relaxation. Therefore, anal-
ogously to these structural changes caused by heating, the lattice modes could also be
sensitive to the structural changes influenced by diagenetic alterations. Thus, taking into
consideration the decrease in the FWHM observed for the lattice peaks (Figure 5.4), shells
from layers 6 and 10 can be considered less preserved than the shells from layer 3. This is

also consistent with the calcite percentage estimated for both samples (Table 5.2).

5.4 Diagenesis assessment - peak intensity ratio analyses

Peak intensity ratios of the L; (151 em™1), Ly (205 cm™!) and v4 (701 cm™! and 705 cm™!)
peaks against the main calcium carbonate vy vibration (1082 cm™!) were calculated for the
archaeological Conomurer fasciatus shells, displayed as function of the shell midden the
layers and compared to the modern specimens in Figures 5.7 and 5.8. The peak intensity
ratios were calculated for each individual spectrum collected in the analysed samples.
These were then averaged over the 200 Raman measurements performed in each of the
shell replicates. The peak intensity ratio uncertainties correspond to the propagated SE.

As seen in Figures 5.7 and 5.8, the only peak intensity ratio that separates all the
modern from all the archaeological Conomurex fasciatus shell replicates is the 151/1082
(Figure 5.7a). However, this separation is much smaller if compared with the separation
obtained from the FWHM analyses (Section 5.3). The separation corresponds to a percent
difference of 7.2%, between the maximum averaged value obtained for the modern shells
and the minimum averaged value obtained for the archaeological specimens (layer 6), as

seen in Figure 5.7a. Conversely to the results obtained for the FWHM (Figures 5.4), the
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Figure 5.7: Peak intensity ratios of the (a) L; (151 cm™!) and (b) L2 (205 cm™1)
peaks against the vy (1082 cm’l) peak from the Raman spectra of powdered modern
and archaeological Conomurex fasciatus shells. A percent difference of 7.2% between
modern and archaeological shells was obtained for the averaged values of the 151/1082
peak intensity ratio. The 205/1082 did not discriminate both shell groups. Error bars are
the SE for the peak intensity ratios determined from the average of 200 spectra for each
shell sample. 168
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Figure 5.8: Peak intensity ratios of the (a) v4 (701 cm~! and (b) 705 cm~!) peaks against
the v (1082 cm™!) peak from the Raman spectra of powdered modern and archaeological
Conomurez fasciatus shells. No discrimination between modern and archaeological shell
specimens is observed for both peak intensity ratios. Error bars are the SE for the peak

intensity ratios determined from the average of 200 spectra for each shell sample.
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peak intensity ratios of the lattice mode peaks Lq (151/1082) and Lo (205/1082) remained
fairly constant, not showing any trend with the shell midden layers (Figure 5.7). As noted
in Chapter 3, the 151/1082 and 205/1082 peak intensity ratios were able to discriminate
the archaeological from the modern Conomurex fasciatus shell specimens analysed (Section
3.3 in Chapter 3). However, as discussed in Chapter 3, these peak intensity ratios did not
display a consistent trend in separating modern from archaeological shells.

In Chapter 4, the 151/1082 (L;/v1) peak intensity ratio was successfully used for
determining the full conversion of aragonite to calcite during the heat treatments, for which
a rapid decrease of its intensity was associated with the aragonite to calcite phase transition
and presence of calcite (Figure 4.7). Although the shell specimens from layers 3, 6 and
10 had different percentages of calcite and aragonite, the 151/1082 peak intensity ratio
showed nearly no difference between the shell specimens from the different shell midden
layers (Figure 5.7a). Shells from layer 6 had a maximum of 13% calcite composition,
which was estimated by the Edwards et al. (2005) method [105] (Table 5.2). Thus, it
might be that the 151/1082 (L;i/vq) peak intensity ratio is not sensitive to small ad-
mixtures of aragonite and calcite. As explained in Chapter 4, for this ratio to be used
more accurately to determine the calcium carbonate polymorphs percentage, and therefore
indicate diagenesis, different controlled concentrations of calcite and aragonite should be
tested so that the sensitivity of such ratio can be confirmed.

The incapability of separating the modern from the archaeological shells observed for
the peak intensity ratios 701/1082 and 705/1082 in this section (Figure 5.8) has also been
noted in Chapter 3 (Figure 3.7). Although not discriminating modern from archaeological
shells, the ratios of the v4 peaks against the 14 peak (701/1082 and 705/1082) showed an
interesting pattern, with lower ratio values obtained for the shells from layer 6 (Figure

5.8). These shells had a greater percentage of calcite, 9% and 13% for shell samples L6S1
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and L6S2, respectively (Table 5.2). Modern shells were entirely composed of aragonite
and specimens from layers 3 and 10 had higher aragonite percentages, in comparison to
the layer 6 samples (Table 5.2).

In calcite the v4 vibration is characterised by a single peak at ~712 cm™! [91,92, 94,
96,97,99]. Although this single peak has not been observed in the spectra of the layer 6
shells, the relative decrease in the intensity of the aragonite v4 doublet could be related
to the presence of calcite, which was verified by the rising of the calcite Lo peak at 280
em~! (Figure 5.3). The vy4/v; peak intensity ratios (701/1082 and 705/1082) did not
show a great distinction between modern and archaeological Conomurex fasciatus shells
in Chapter 3 (Figure 3.7). The archaeological Conomurez fasciatus shell used for the
experiments of Chapter 3 was also from layer 6; however, from spit 206, on the top of
that layer, while the layer 6 shells used in this Chapter came from spit 305, closer to the
middle of layer 6 (Figure 5.1). The difference between the results obtained in this Chapter
and in Chapter 3 could be due to the archaeological shell sample used in that Chapter
containing even less percentage of calcite in its composition. The proportion of aragonite
estimated for the archaeological shell from Chapter 3 was 99.9% =+ 0.1% for both internal
and external areas of the shell. Thus, the v4/v; peak intensity ratios could be sensitive
to higher calcite concentrations, and therefore could be an additional diagenesis marker.
However, to validate this assumption, this peak intensity ratio should also be tested with
controlled admixtures of aragonite and calcite containing different calcite proportions.

As determined by the calcite concentration and the FWHM analyses, it can be said
that the analysed Conomurez fasciatus shells are preserved against diagenesis. Amongst
these archaeological samples, the shells from layer 6 are the least preserved from diagenetic
alterations. The results presented in this section demonstrated the issues with using peak

intensity ratios for the assessment of diagenesis in preserved shells. The peak intensity
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ratios were, in general, incapable of securely discriminating modern from archaeological
shells; therefore, care should be taken if they are used as markers for the assessment of

diagenesis.

5.5 Chapter conclusions

In this chapter, two experiments were performed, complementing the results from Chapter
3, which had established a protocol for assessing diagenesis on sea shells with RS. This
protocol was based in the analyses of quantitative Raman parameters, as the FWHM and
peak intensity ratios. In both experiments Conomurez fasciatus shells from layers 3, 6 and
10 from the KM1057 shell midden were compared to modern shell samples of the same
species.

The first experiment performed compared the calcite concentration and FWHM mea-
surements of the spectra of Conomurex fasciatus shells from different layers of the KM1057
shell midden, aiming to confirm if RS would be sensitive enough to detect diagenetic al-
terations in shells from those layers.

The FWHM analyses also showed a pronounced separation between the modern and
archaeological shell specimens. Modern shells displayed higher FWHM values, while the
archaeological showed lower FWHM values, thus being more crystalline. The most sen-
sitive Raman peaks accounting for these differences were the lattice mode peak L; and
the main carbonate vibration v, for which the FWHM respectively decreased 16.9% and
10.7% from modern to archaeological values. These results agree with the findings from
Chapter 3, where the L; and vy peaks showed the best results with smallest dispersion.
The smallest FWHM values obtained for the archaeological shells could have been caused
by the loss of the organic matrix and consequent aragonite dissolution and recrystallisa-

tion.
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This FWHM experiment confirmed the lattice mode peaks L; and Ly as the best
markers for assessing diagenesis between shells from different layers, yielding a FWHM
separation over the smallest statistical dispersion, which was measured by the CV. Lattice
mode peaks are sensitive to the structural changes caused in aragonite during heating,
which causes the degradation of the organic matrix and, therefore a lattice relaxation.
Since diagenesis also causes the loss of the organic matrix, it can be inferred that the
lattice mode could also be sensitive to these structural changes caused by the diagenetic
alterations. The FWHM of the lattice mode peaks classified the shell samples from layer
3 as the best preserved against diagenetic alterations, followed by those from layer 10 and
6. This is corroborated by the higher proportions of calcite estimated in the shell samples
from layers 6 and 10. While shells from layer 3 were mainly composed of aragonite, shells
from layer 6 had a maximum of 17% of calcite. This confirms that part of the original
biogenic aragonite of the analysed shells from layer 6 had recrystallised into calcite.

The second experiment investigated the use of peak intensity ratios as diagenesis mark-
ers. For this experiment, intensity ratios were calculated between the aragonite/calcite
peaks and the main calcium carbonate peak, the vq. Similarly to what was obtained
in Chapter 3, peak intensity ratios did not display consistent trends in separating such
modern from archaeological specimens.

The L; /v ratio (151/1082) was able to discriminate the modern from the archaeolog-
ical shells, but showed almost no difference between the shells from the different layers,
although they had different proportions of aragonite and calcite. This peak was used in
Chapter 4 to determine the full aragonite-calcite transition. However, it might be not
sensitive to small admixtures of aragonite and calcite and further experiments with con-
trolled concentrations of these polymorphs have to be performed to test the sensitivity of

this ratio in determining the presence of calcite.
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The v4/v; peak intensity ratios did not discriminate modern from archaeological shells.
However, these ratios had the lowest averaged values for the samples with the highest
proportion of calcite e.g., the shell samples from layer 6. The variation in the relative
intensity of the v4 aragonite doublet could be related to the presence of calcite, once this
band becomes a singlet for the latter polymorph. However, for this peak intensity ratio
to be used as an additional diagenesis marker, it should be further tested with controlled
admixtures of calcite and aragonite to attest its sensitivity.

Despite the fact that the samples were estimated with small differences in their poly-
morph percentages, the peak intensity ratios obtained were not sensitive enough to com-
pletely separate the shells from different layers, or to provide a considerable separation
between modern and archaeological shells.

Although the sampling performed in the KM1057 did not statistically represent the
whole layers and no further conclusions can be withdraw for the whole shell midden layer,
the assessment of diagenesis has to be made for each shell if they will be used for palaecoen-
vironmental reconstructions and isotopic analyses. This chapter confirms that quantitative
RS can be used to evaluate diagenesis in shells from different layers of a shell midden and

reaffirms the FWHM as one of the best markers for diagenetic alterations.
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Chapter 6

Conclusions

Shell middens are records of human activity, their shells can be used to reconstruct the
past climate and to investigate human development. However, diagenetic alterations af-
fect analytical methods, such as isotopic analyses, which are used for palaeoenvironmental
reconstructions investigating the sea temperature and salinity. The heating of shells is
another factor influencing these analyses and the inappropriate assessment of a shell’s in-
tegrity results in estimating the wrong temperature and salinity, thus risking the reliability
of archaeological interpretations.

In general, the identification of diagenesis is made by determining if the shell’s miner-
alogy is maintained, or in other words, if the shell has not recrystallised. This means that
an aragonitic shell should be free of calcite. However, methods based on the presence of
calcite are not valid for calcitic shells. Another approach is to compare the relative atom
percentage of Mg and Sr with Ca, between modern and archaeological shells. However,
there is no consensus, in the literature, of how these parameters should change; nonethe-
less, some shells may not have their Ca substituted by Mg or Sr, thus compromising this
evaluation.

This research proposed to investigate if Raman spectroscopy could be used to deter-
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mine and evaluate diagenesis in sea shells, as well as to identify heated or cooked shells.
Usually, in the literature, when RS is applied to investigate diagenesis, this is done only
qualitatively by the investigation of the shell’s mineralogy. This thesis developed methods
for a quantitative analysis of the Raman spectrum of shells by finding markers correlated
to shell diagenesis or heating. The investigated Raman parameters resulted from peak
fitting procedures were the peak position, FWHM and relative amplitude, which were
then compared across samples. The studied shells were archaeological Conomurez fascia-
tus shells from the KM1057 shell midden in the Farasan Islands, Red Sea; the Nucella
sp. from the Easington Raised Beach site, United Kingdom; and modern counterparts of
these shell species. The Conomurex fasciatus shells are aragonitic, while the Nucella sp.
are calcitic shells.

There is a great variability in respect to the amount of spectra considered for the
analyses of shells. Therefore, initially, this work suggested a method to determine the
minimum quantity of spectra necessary to statistically represent each shell sample used.
This method, called a convergence test, is based in the SE associated to the FWHM
of the main calcium carbonate peak, the 1y symmetric stretching vibration. The SE
decreases with an increasing amount of spectra, and the method shows how many spectra
are necessary for the SE stabilisation. These tests determined that 90 to 225 spectra
were necessary to statistically represent the internal and external shell areas of the bulk
Conomurez fasciatus and Nucella sp. species, while 200 spectra were needed to represent
the powdered Conomurex fasciatus shells.

From the comparison between modern and archaeological shells it was verified that the
FWHM of the Raman bands were sensitive to detect diagenesis. Whether the analysed
shell samples were bulk or powdered shells, the FWHM of the archaeological shells was

smaller than the FWHM of the modern shells. The FWHM is correlated to the sample
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crystallinity; thus, the smaller FWHM values obtained for the ancient shell samples means
that they had become more crystalline over time. The increase in the crystallinity can
be explained by the degradation of the organic shell matrix and consequent aragonite
dissolution, followed by its recrystallisation. Both, aragonite dissolution and loss of the
shell organic matrix are caused by diagenesis.

For both shell sample preparations, bulk or powdered, the best FWHM markers for
diagenetic alterations were for the v; peak at ~1082 cm™!, present in both calcite and
aragonite spectra, and the lattice mode peak L; at ~151 cm™! for aragonite and at ~154
cm™! for calcite.

The FWHM markers were also able to assess the diagenesis in shells from different
layers in a shell midden, and again the best markers were the FWHM of the the lattice
mode peaks L; (~151 em™!) and Lo (~205 cm™!). This evaluation of the preservation
state of Conomurez fasciatus shells from different layers in the KM1057 shell midden
based on the FWHM was validated by the proportion of calcite in each shell, which was
estimated from the relative intensity of the calcite and aragonite Lo Raman peaks.

This research proposes that the lattice mode peaks of the Raman spectrum could
also be sensitive to the structural changes caused by diagenesis. It is already known
that the lattice mode peaks of the calcium carbonate are sensitive to structural changes
caused by heating. It is also known that biogenic carbonates have lattice distortions when
compared to geological carbonates due to the presence of large biomolecules, and that
these distortions are reduced during heating because of the degradation of the organic
shell matrix. Therefore, since the shell organic matrix is also degraded by diagenesis, this
could explain the sensitivity of the Raman lattice mode peaks to capture such changes.

This research work also showed that peak intensity ratios between Raman bands should

be carefully considered for the analysis of diagenesis due to the inconsistent results ob-
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tained between modern and ancient shells, for the different shell species analysed. Whether
the studied shells were calcitic or aragonitic, the only ratios capable of discriminating mod-
ern from ancient shells were the L; /vy and the Lo/v;. Although the peak intensity ratio
vy /11 did not discriminate modern from ancient shells, it displayed the lowest ratio values
for the archaeological shells that contained the highest proportion of calcite, suggesting
this peak intensity ratio as another possible diagenesis marker. The decrease in this peak
intensity ratio could be related to variations in the v4 band, which is a double for aragonite
and a singlet for calcite.

A heated shell can cause the deduction of erroneous temperature for palacoenviron-
mental reconstructions. The identification of heated shells has been made by purely visual
observations or by the transition of aragonite to calcite. Thus, the effect of heating, and
therefore its identification, were also investigated in this thesis for the Conomurez fascia-
tus shells. A rapid decrease in the L; /vy peak intensity ratio marked the full aragonite
to calcite transition during heating, which was estimated to take place between 325°C
and 400°C for this shell species. The rapid decrease observed in the L; /v suggested that
this ratio is more sensitive to higher proportions of calcite, which explains its poor per-
formance in discriminating modern from archaeological Conomurezx fasciatus shells, once
the studied ancient shells were considerably preserved against diagenesis and, therefore,
presented very low calcite concentrations.

This research has shown that RS is a powerful method for identifying heated shells,
providing markers that can indicate heating before the aragonite to calcite transition
takes place. Quantitative RS detected changes in the crystalline structure of modern
Conomurez fasciatus shells after being heated for only seven minutes at 400°C and 500°C.
This was marked by a decrease in the FWHM of both L; and 14 Raman peaks. This

increase in the shell crystallinity originated from the degradation of the organic shell
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matrix during heating. Again, the L; lattice mode peak was more sensitive to these
structural changes, reflecting the progressive rotational disorder preceding the aragonite
to calcite transition. After the aragonite to calcite transformation, the FWHM of both L;
and v peaks increased, indicating a decrease in the sample crystallinity that was possibly
related to the thermal expansion of the calcite crystal before the next phase transition,
which is from calcite to calcium oxide.

Identifying a burnt shell and knowing at which temperature it has been heated also
influences the interpretation of sites that contain burnt fragments because they can be
associated to the action of cooking. Quantitative RS also provided means to estimate
the temperature at which the archaeological Conomurex fasciatus burnt shell fragments
were heated. The L; /vy peak intensity ratio determined that two studied archaeological
burnt fragments of the Conomurezr fasciatus shell had fully converted to calcite, which
was corroborated by the estimation of the calcite proportion using the relative intensity
of the Lo lattice mode peaks. The FWHM of the L; and v peaks were outside both
time and temperature ranges investigated by the analyses of the heated modern shells.
This indicated that burnt fragments might have been heated at temperatures greater than
500°C and smaller than ~700°C to ~800°C, at which the conversion of calcite to calcium
oxide occurs.

This thesis demonstrated that quantitative RS can be used to evaluate diagenesis and
determine heating. This paragraph summarises the proxies for these assessments. The
FWHM of the L; and v; peaks can be used as markers of diagenesis and can identify
heating in shells before the aragonite to calcite transition. They are sensitive to the
degradation of the organic shell matrix and, hence increase in the polymorph crystallinity,
with the L lattice mode peak being more sensitive to these structural changes. The

FWHM of both L; and v; peaks can also be used to estimate the heating temperature
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of burnt archaeological shell fragments when compared to the FWHM of modern heated
shells. The L;/v1 peak intensity ratio is sensitive to the structural transformations dur-
ing heating and can be used to determine the temperature of the full aragonite-calcite
transition. Finally, the v4/11 peak intensity ratio could also be used to determine the
presence of calcite in aragonitic samples; however, it needs further testing to be validated.
Additionally, the ratio between the intensities of the Lo peaks for aragonite and calcite,
determined by Edwards et al. (2005) [105] can also be used to estimate the percentage of
calcite in aragonitic shells, or vice-versa.

Based on the results obtained with this thesis, possible future research works are
described next.

This thesis has shown that the shell crystallinity, measured with RS, is an easy and
straightforward method for the evaluation of diagenesis. However, future studies should
consider investigating shells from different ages, species, preservation states and geographic
locations to verify how the decreasing trend in the FWHM behaves with the diversity of
samples. Together with RS, the crystallinity of the archaeological shells should also be
investigated with XRD, so that the relaxation of lattice parameters is investigated for
diagenetically altered samples.

The L;/vy peak intensity ratio was a marker of the full aragonite to calcite transition
and it was used to estimate the temperature at which the transition took place. This
estimation would be more accurate if more heating time-points were be included in the
range for which the transition takes place. The transition temperature estimated from the
Raman spectrum could also be validated by differential thermal analysis.

The L;/v1 peak intensity ratio could also be used to determine the polymorph con-
centration, similarly to the relative intensity of the Lo peaks proposed by Edwards et al.

(2005) [105]. However, this peak intensity ratio would need to be tested using controlled
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admixtures of calcite and aragonite to verify its sensitivity.

Expanded heating times and temperatures should be investigated in the quantitative
RS analyses of the modern Conomurexr fasciatus shells. The aim is to better estimate
at which temperature the archaeological Conomurez fasciatus burnt shell fragments were
heated. Once modern shells are heat-treated at similar temperatures to the burnt shell
fragments, the effect of diagenesis on them can be assessed. The two burnt fragments used
in this thesis were obtained in layers 3 and 10 of the KM 1057 shell midden. However, these
burnt fragments have been fully converted into calcite and therefore cannot be compared
to the studied archaeological Conomurez fasciatus shells from the same layers, which were
predominantly aragonitic.

Additionally to this expanded heating time and temperature experiments on aragonitic
shells, the effect of heating on calcitic shells should also be explored so that a heating
baseline is drawn for such shells, similarly to what was obtained for the aragonite in the
Conomurez fasciatus shells.

This thesis has shown that in light of its ability for discriminating the calcium carbonate
polymorphs and capacity of performing non-destructive analyses, RS is able to assess
diagenesis and human intervention due to heating when combined to a quantitative data

analysis.
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Appendix A

Supplementary information for the
RS comparison of modern versus

ancient shells

182



A.1 Convergence Tests

A.1 Convergence Tests

A.1.1 Archaeological Conomurex fasciatus shell
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Figure A.1: Convergence test for the archaeological Conomurex fasciatus shell external
region of slice 1. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.2: Convergence test for the archaeological Conomurex fasciatus shell external
region of slice 2. The blue line is the theoretical fitting and red points are the experimental
data.

0.10 I I T I I I | I I

Convergence Test
Archaeological Conomurex fasciatus
Slice 3 - external

0.09

0.08

0.07

0.06

0.05

FWHM Standard Error

0.04

0.03

0.02

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||1||u

0.01

8 H® Lot bt bt ot et et b e b |

[ ]
|
10 20 30 40 50 60 70 80 90

-

Number of Averaged Spectra

Figure A.3: Convergence test for the archaeological Conomurex fasciatus shell external
region of slice 3. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.4: Convergence test for the archaeological Conomurex fasciatus shell external
region of slice 4. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.5: Convergence test for the archaeological Conomurex fasciatus shell external
region of slice 5. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.6: Convergence test for the archaeological Conomurezr fasciatus shell internal
region of slice 1. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.7: Convergence test for the archaeological Conomurezr fasciatus shell internal
region of slice 2. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.8: Convergence test for the archaeological Conomurezr fasciatus shell internal
region of slice 3. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.9: Convergence test for the archaeological Conomurezr fasciatus shell internal
region of slice 4. The blue line is the theoretical fitting and red points are the experimental
data.
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Figure A.10: Convergence test for the archaeological Conomurez fasciatus shell internal
region of slice 5. The blue line is the theoretical fitting and red points are the experimental
data.
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A.1.2 Modern Conomurex fasciatus shell
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Figure A.11: Convergence test for the modern Conomurex fasciatus external region of

slice 1. The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.12: Convergence test for the modern Conomurex fasciatus external region of

slice 2. The blue line is the theoretical fitting and red points are the experimental data.
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A.1 Convergence Tests
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Figure A.13: Convergence test for the modern Conomurex fasciatus external region of

slice 3. The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.14: Convergence test for the modern Conomurex fasciatus external region of

slice 4. The blue line is the theoretical fitting and red points are the experimental data.
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A.1 Convergence Tests
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Figure A.15: Convergence test for the modern Conomurex fasciatus external region of

slice 5. The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.16: Convergence test for the modern Conomurex fasciatus internal region of

slice 1. The blue line is the theoretical fitting and red points are the experimental data.
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A.1 Convergence Tests
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Figure A.17: Convergence test for the modern Conomurex fasciatus internal region of

slice 2. The blue line is the theoretical fitting and red points are the experimental data.

0.10 ‘o I T T T -E
E Convergence Test E
0.09 Modern Conomurex fasciatus | 3
E Slice 3 - internal 3
0.08 3
- 3 3
g oo7E 3
L E E
° E 3
© 0.06 - =
© E =
c E 3
& E E
O 005F E
= E E
o 004 ;— —g
0.03F E
0.02F =
E ® o E
3 ¢ ® o o 3

0.01 E 1 | | | | | | | |
10 20 30 40 50 60 70 80 90 100

Number of Averaged Spectra

Figure A.18: Convergence test for the modern Conomurex fasciatus internal region of

slice 3. The blue line is the theoretical fitting and red points are the experimental data.
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.19: Convergence test for the modern Conomurez fasciatus internal region of

slice 4. The blue line is the theoretical fitting and red points are the experimental data.
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.20: Convergence test for the modern Conomurez fasciatus internal region of

slice 5. The blue line is the theoretical fitting and red points are the experimental data.

193



A.1 Convergence Tests

A.1.3 Fossil Nucella sp. shell
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Figure A.21: Convergence test for the fossil Nucella sp. external region slice 1. The

blue line is the theoretical fitting and red points are the experimental data.
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Figure A.22: Convergence test for the fossil Nucella sp. external region slice 2. The

blue line is the theoretical fitting and red points are the experimental data.
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Figure A.23: Convergence test for the fossil Nucella sp. external region slice 3. The

blue line is the theoretical fitting and red points are the experimental data.
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Figure A.24: Convergence test for the fossil Nucella sp. internal region slice 1. The blue

line is the theoretical fitting and red points are the experimental data.
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Figure A.25: Convergence test for the fossil Nucella sp. internal region slice 2. The blue

line is the theoretical fitting and red points are the experimental data.
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Figure A.26: Convergence test for the fossil Nucella sp. internal region slice 3. The blue

line is the theoretical fitting and red points are the experimental data.
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A.1 Convergence Tests

A.1.4 Modern Nucella lapillus shell
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Figure A.27: Convergence test for the modern Nucella lapillus external region slice 1.

The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.28: Convergence test for the modern Nucella lapillus external region slice 2.

The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.29: Convergence test for the modern Nucella lapillus external region slice 3.

The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.30: Convergence test for the modern Nucella lapillus internal region slice 1.

The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.31: Convergence test for the modern Nucella lapillus internal region slice 2.

The blue line is the theoretical fitting and red points are the experimental data.
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Figure A.32: Convergence test for the modern Nucella lapillus internal region slice 3.

The blue line is the theoretical fitting and red points are the experimental data.
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A.2 Statistical tables

A.2 Statistical tables

Table A.1: FWHM statistical table for the Conomurex fasciatus - external region. Apart

from the coefficient of variation which is a percentage, all values are measured in cm™!.

Statistics for the FWHM

Conomurer fasciatus - external results

Spectrum region Ly Lo vy 2]
Peak position (em™') 141 151 205 701 705 1082

Mean 510 9.00 6.10 3.20 3.70 3.10
Archaeo. SE 0.06 004 0.05 002 002 0.01
CV (%) 13 5 9 8 7 6

Mean 480 1050 6.30 3.60 4.40 3.70
Modern  SE 0.06 005 0.06 003 003 0.01
CV (%) 18 7 15 13 11 3
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A.2 Statistical tables

Table A.2: FWHM statistical table for the Conomurez fasciatus - internal region. Apart

from the coefficient of variation which is a percentage, all values are measured in cm™!.

Statistics for the FWHM

Conomurez fasciatus - internal results

Spectrum region Ly Lo vy 1
Peak position (cm~!) 141 151 205 701 705 1082

Mean 550 9.10 6.50 3.30 3.90 3.20
Archaco. SE 0.05 0.07 004 002 003 0.02
CV (%) 12 10 8 8 9 8
Mean 7.00 11.30 7.20 3.40 420 3.90
Modern ~ SE 0.05 0.05 0.03 0.02 0.02 0.01

CV (%) 12 7 7 8 8 5

Table A.3: FWHM statistical table for the Nucella sp. - external region. Apart from

the coefficient of variation which is a percentage, all values are measured in cm™!.

Statistics for the FWHM

Nucella sp. - external results

Spectrum region Ly Lo V4 121
Peak position (cm™!) 154 280 712 1082

Mean 880 11.50 4.90  4.00
Fossii  SE 007 004 004  0.02
CV (%) 8 4 8 5
Mean 11.0 1330 6.00  5.00
Modern SE 01 006 006 0.04
CV (%) 9 5 9 9
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A.2 Statistical tables

Table A.4: FWHM statistical table for the Nucella sp. - internal region. Apart from the

coefficient of variation which is a percentage, all values are measured in cm™".

1

Statistics for the FWHM

Nucella sp. - internal results

Spectrum region Ly Lo vy 2
Peak position (cm~!) 154 280 712 1082
Mean 890 11.40 5.00 3.90
Fossil SE 0.05 0.04 0.05 0.02
CV (%) 5 3 10 6
Mean 11.0 12.80 5.80 4.80
Modern SE 0.1 0.08 0.08 0.06
CV (%) 10 6 12 12

Table A.5: Peak ratio statistical table for the Conomurezr fasciatus - external region.

Apart from the coefficient of variation which is a percentage, all values are measured in

Cm_l.

Statistics for the peak intensity ratio

Conomurez fasciatus - external results

. 141 151 205 701 705
Peak ratio
1082 1082 1082 1082 1082
Mean 0.0330 0.130 0.060 0.0570 0.0630
Archaeo. SE 0.0008 0.005 0.003 0.0005 0.0006
CV (%) 30 52 60 11 11
Mean 0.0260 0.100 0.040 0.0640 0.0660
Modern SE 0.0005 0.003 0.002 0.0005 0.0006
CV (%) 27 41 54 11 14
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A.2 Statistical tables

Table A.6: Peak ratio statistical table for the Conomurex fasciatus - internal region.
Apart from the coefficient of variation which is a percentage, all values are measured in

Cmil.

Statistics for the peak intensity ratio

Conomurez fasciatus - internal results

141 151 205 701 705
1082 1082 1082 1082 1082

Mean 0.040 0.20 0.110 0.050  0.060

Peak ratio

Archaeo.  SE 0.001 0.0l 0.005 0.001 0.001
CV (%) 31 59 61 28 25
Mean  0.040 0.260 0.130 0.0450 0.0550
Modern  SE 0.001 0.008 0.005 0.0009 0.0009
CV (%) 36 47 60 31 25

Table A.7: Peak ratio statistical table for the Nucella sp. - external region. Apart from

the coefficient of variation which is a percentage, all values are measured in cm™".

Statistics for the peak intensity ratio

Nucella sp. - external results

Peak ratio E ﬂ E

1082 1082 1082

Mean 0.080 0.150 0.070

Archaeo. SE 0.005 0.009 0.002
CV (%) 62 56 21

Mean 0.080 0.150 0.070

Modern SE 0.004 0.008 0.001
CV (%) 53 51 18
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A.2 Statistical tables

Table A.8: Peak ratio statistical table for the Nucella sp. - internal region. Apart from

the coefficient of variation which is a percentage, all values are measured in cm™".

Statistics for the peak intensity ratio

Nucella sp. - internal results

Peak ratio E ﬂ E

1082 1082 1082

Mean 0.110 0.20 0.060

Archaeo. SE 0.005 0.01 0.002
CV (%) 48 48 23

Mean 0.080 0.150 0.060

Modern SE 0.004 0.007 0.001
CV (%) 46 47 20
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Appendix B

Supplementary information for the
quantitative RS study of biogenic

aragonite to calcite transition
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3

B.1 Raman spectra for modern Conomurex fasciatus pow-

dered samples S2 and S3
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Figure B.1: Raman spectra for the modern Conomurez fasciatus powdered sample S2
heat-treated for 4h at 100°C, 180°C, 250°C and 325°C. No aragonite to calcite transition
is observed. Unheated results are shown for comparison. The carotenoid peaks are marked
with (*). The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3

Shell S2 V1
200 spectra averaged

0 325°C - 8h
"(L) L1 V4 W
= Lo

o] 250°C - 8h
&)

>

)

o

£ 180°C - 8h
> U v

©

E

<L

M‘ I L. - 100°C - 8h
u\ I ‘JU*L i Unheated

500 1000 1500 2000

R

L

Wavenumber (cm'1)

Figure B.2: Raman spectra for the modern Conomurez fasciatus powdered sample S2
heat-treated for 8h at 100°C, 180°C, 250°C and 325°C. No aragonite to calcite transition
is observed. Unheated results are shown for comparison. The carotenoid peaks are marked
with (*). The positions and assignments for the other peaks are shown in Table 1.1 of

Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3

Shell S3 Vi
200 spectra averaged
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Figure B.3: Raman spectra for the modern Conomurez fasciatus powdered sample S3
heat-treated for 4h at 100°C, 180°C, 250°C and 325°C. No aragonite to calcite transition
is observed. Unheated results are shown for comparison. The carotenoid peaks are marked
with (*). The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3
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Figure B.4: Raman spectra for the modern Conomurez fasciatus powdered sample S3
heat-treated for 8h at 100°C, 180°C, 250°C and 325°C. No aragonite to calcite transition
is observed. Unheated results are shown for comparison. The carotenoid peaks are marked
with (*). The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3
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Figure B.5: Raman spectra of the aragonite to calcite transition at 400°C for the modern
Conomurez fasciatus powdered sample S2. Each spectrum corresponds to the average of
200 spectra collected from each sub-sample heated for different times. The aragonite to
calcite transition is noted after 1h, where initially a mixture of the spectral signatures of
aragonite and calcite is observed. The unheated results are shown for comparison. The
peaks associated with carotenoids and amorphous carbon are marked with (*) and (\),
respectively. The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3
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Figure B.6: Raman spectra of the aragonite to calcite transition at 500°C for the modern
Conomurez fasciatus powdered sample S2. Each spectrum corresponds to the average of
200 spectra collected from each sub-sample heated for different times. The aragonite to
calcite transition is noted after 15min, where initially a mixture of the spectral signatures
of aragonite and calcite is observed. The unheated results are shown for comparison. The
peaks associated with carotenoids and amorphous carbon are marked with (*) and (\),
respectively. The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3
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Figure B.7: Raman spectra of the aragonite to calcite transition at 400°C for the modern
Conomurez fasciatus powdered sample S3. Each spectrum corresponds to the average of
200 spectra collected from each sub-sample heated for different times. The aragonite to
calcite transition is noted after 1h, where initially a mixture of the spectral signatures of
aragonite and calcite is observed. The unheated results are shown for comparison. The
peaks associated with carotenoids and amorphous carbon are marked with (*) and (\),
respectively. The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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B.1 Raman spectra for modern Conomurez fasciatus powdered samples S2 and S3
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Figure B.8: Raman spectra of the aragonite to calcite transition at 500°C for the modern
Conomurez fasciatus powdered sample S3. Each spectrum corresponds to the average of
200 spectra collected from each sub-sample heated for different times. The aragonite to
calcite transition is noted after 15min, where initially a mixture of the spectral signatures
of aragonite and calcite is observed. The unheated results are shown for comparison. The
peaks associated with carotenoids and amorphous carbon are marked with (*) and (\),
respectively. The positions and assignments for the other peaks are shown in Table 1.1 of
Chapter 4.
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Figure B.9: Comparison of the intensity ratio L /v from the burnt Conomurez fasciatus

fragments with the heated modern shells (S1, S2 and S3) as function of temperature for
heat-treatments of (a) 4h and (b) 8h. The L;/v; peak intensity ratio of the modern
heat shells remains constant after the aragonite to calcite transition i.e., for temperatures

greater than 400°C, in both heat treatments. The peak intensity ratios obtained for both

burnt fragments are superposed and indicate a full aragonite to calcite conversion.
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Figure B.10: Comparison of the FWHM of the v; (~1082 cm™!) peak of the burnt
Conomurez fasciatus fragments with the heated modern shells (S1, S2 and S3) results as
function of increasing time in the furnace at (a) 400°C and (b) 500°C. Full aragonite to
calcite conversion is observed only after 2h heating at 400°C and 1h heating at 500°C
(marked by the shaded areas), thus indicating minimal heating times and temperatures

for the burnt fragments.
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Figure B.11: Comparison of the FWHM of the v (~1082 Cmfl) peak of the burnt

Conomurez fasciatus fragments with the heated modern shells (S1, S2 and S3) as function

of temperature for a heat treatment of 8h. The shaded area marks the temperature

range for which the aragonite to calcite transition takes place. After the transition the 14

FWHM starts to increase, indicating that the burnt fragments could have been exposed

to temperatures greater than 500°C.
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Abbreviations

AAS Atomic absorption spectroscopy
ACC Amorphous calcium carbonate
AFM Atomic force microscopy

CCD Charge-coupled device

CVv Coefficient of variation

DTA Differential thermal analysis
EDX Energy dispersive X-Ray
FTIR  Fourrier transformed infrared spectroscopy
FWHM Full width at half maximum
LWD Long working distance

NA Numerical aperture

RS Raman spectroscopy

SDEV Standard deviation
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SE

SEM

TG

XRD

YAG

Standard error

Scanning electron microscopy

Thermo gravimetric analysis

X-Ray diffraction

Yttrium aluminium garnet
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