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Abstract.

The National Museum of Denmark has around 17,000 archaeological objBetitiof
amber in its collections, which are among the largest in Europe.

Approximately 45% of the amber objects has degraded and requires urgent
conservation treatment. Degradation has resulted in restrictedsato the collection

by curators, students, archaeologists and visitors.

The National Museum of Denmark’s collection is of interestrthaeologists and
curators because amber jewellery reflects the economi@l,sogligious and other
cultural beliefs of the peoples who made and wore it. It is irapbrthat the
collections are preserved for study and cultural enrichment for futureagjens.

Baltic amber is sensitive to physico-chemical environmentabfs, consequently it
is extremely predisposed to degradation.

The aim of this project was to achieve a deeper understandihg afechanisms by
which amber degrades, in order to develop techniques for preventive ctinserva
with the purpose to slow down the rate of degradation of archaeolagitaér
objects.

Early active conservation treatments comprised impregnatingbiingramber with
natural and synthetic polymers; with time, these conservation riaiatenave
deteriorated and damaged the amber surfaces they were supposed to protect.

For that reason it is more appropriate to create a prevetwivgervation strategy
based on the control of factors, such as temperature, illuminationrandpdiere, in
the environment where amber objects are placed during storage, transport and display

A clear understanding about interaction between amber and envirtairfactors is
essential to comprehend degradation processes.

Current state of knowledge presents few degradation featwasimeg Baltic amber
and new experiments were necessary to provide evidence.

In order to study deterioration of Baltic amber, a starting poed to identify and
monitor surface and bulk properties which are affected during degradation.

The way to operate consisted of the use of accelerated agemgate degradation
of raw Baltic amber samples and, successively, in the use ahimoo/destructive
techniques to identify and quantify changes in visual, chemical andtwstl
properties.

For the preliminary experimental phase, a large piece of Baltic amber was
selected for its visible homogeneity and prepared in two sang#s: gprisms and
powder.

Samples were placed inside Pyrex glass flasks and subjedigd tifferent kinds of
accelerated ageing: thermal-ageing and photo-ageing.

For both the accelerated ageing procedures, samples were expasrdlifferent
microclimatic conditions, in order to study the role of differenviemmental
parameters (relative humidity, presence of oxygen, pH) on the degradation of ambe
Samples were checked regularly by several analyticahnigges, including
spectrocolorimetry, infrared and Raman spectroscopies, optipaloregtry and gas
chromatography — mass spectrometry.



From the interpretation of the obtained results it was possiblelewntify some

relations between amber and environmental factors during the degnagedcess
and to select the conditions to apply for the second ageing experiment.

In the advanced experimental phase, pellet-shaped samples olftamegdressed
amber powder (which appeared more appropriate than prisms angofreker in

terms of analytical repeatability and homogeneity of resultsg wgposed to eleven
different microclimatic conditions, subjected only to thermal accelergieid@ (since

photo-ageing already resulted in considerable degradation) and anadyggdarly

according to the same techniques and purposes that were empldyegialtminary

investigation.

Initial results from the preliminary investigation showed coloumgiea oxidation of
the molecular structure and off-gassing of formic and acetic &ejisurs, that is a
new important finding for Baltic amber.

Final results from the advanced investigation confirmed some qirévéous findings
and gave new important outcomes, especially concerning the degradsgof

oxygen, relative humidity and pH.

After the interpretation of the final achieved data, combined witfal information

from the preliminary investigation, the main relations between &ndrel

environmental factors during the degradation process becamerchad it was
possible to identify the major pathways by which amber degradels,as hydrolysis
of esters into carboxylic acids, thermal-oxidation and photo-oxidaticerpénoid

components, depolymerisation and decomposition of the chemical structure.

At the end it was possible to suggest a preventive conservatiteggtizased on the
control of climatic, atmospheric and lighting parameters in the @mvient where
Baltic amber objects are stored and displayed.
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1.BACKGROUND TO THE RESEARCH
PROJECT.

This chapter offers a brief introduction about the definition and natutieecimber,

as well as its chemico-physical properties.

To orient the reader, a statement of the necessity and th@tance to preserve
museum amber collections, together with a concise description ofitrent state of
archaeological Baltic amber objects in the collections of tagoNal Museum of

Denmark, are given.

It is important to remark that the scope of this thesis is natettt details about
geological origin, botanical significance, identification, provenamckrastoration of

amber, since the literature deals largely with these topicsolpropose solutions for
the prevention of its degradation by environmental control.

1.1 Introduction — the amber.

Amber is defined as a solid, discrete organic material found iis @ad other
sediments as macroscopic and microscopic particles, which axedldérom the
fossilisation of resins produced by prehistoric trees (figure 1.1; Andersonl&94),
The chemical composition of amber consists of a complex mixhae rhainly
includes terpenoids and phenols, with minor amounts of alcohols, acidsinthts
rarely amino acids (Alekseeva et al., 1966; Udkaet al., 1984; Mills et al., 1984;
Mills et al., 1999). This composition is extremely variable and dependseveral
factors, such as provenance area, geological history, diagenétiatiahs,
paleoclimate and paleobotanic source (Langenheim, 1969; Savkevich, 1981).
Physical properties of amber also have a high variability depgiadirthe provenance
and the typology, while on the other hand, the elemental analysather iconstant
and does not easily allow distinguishing material coming from reifite deposits
(table 1.1 and 1.2; Grimaldi, 1996; Ross, 1998; Clydesdale, 1999; Rice, 1999).

Figure 1.1 Amber nodule in
sandstone.




Table 1.1 Main physical properties of amber

Characteristic ~ Description

Hardness 1.5 - 3 in the Mohs scale

Density 1.023 — 1.125 g/én

Melting point 250 - 300 °C

Solubility Insoluble in water and variably soluble in most common

laboratory organic solvents
Refractive n=1.5388 — 1.5451
index

Fluorescence Normally, excitation by a wavelength of 366 nm gives a cgouri
from white-blue to green-yellow

Structure Amorphous, with conchoidal fracture

Colour In not degraded samples it can go from yellow-orange-red to blue-
green; translucency depends on the gaseous inclusions content

Table 1.2 Mean elemental composition of amber

Element % of composition
Carbon 67 — 87

Oxygen up to 15
Hydrogen 85-11

Sulfur 0.26 - 0.34
Other elements up to 0.5

Amber is the result of the fossilisation of the resin that prasluced by different
groups of trees, some of which are extinct at the present tale (1.3; Judd et al.,
2007).

Resins are organic substances characterized by high viscodityyaa very complex
chemical composition, which comprises terpenes, terpenoids, phenols, al@otiols
fatty acids (Anderson et al., 1992). The resin is produced by plantdated canals
and pockets or blisters (figure 1.2), with several scopes and ugedefence against
fungi and insects, desiccating control, storms protection or simpieirgy product
(Judd et al., 2007).



Table 1.3 Most important tree resin-producing plant families which are considered
potential sources of amber

Conifers (gymnosperms) Flowering plants (angiosperms)
Pinaceae Leguminosae

Araucariaceae Burseraceae

Taxodiaceae Dipterocarpaceae
Cupressaceae Hamamelidaceae
Podocarpaceae Anacardiaceae

EPITHELIAL
CELLS

Figure 1.2 Resin secretory structures located in tree resin-producing trunks (modified
from Judd et al., 2007).



During the geological ages the climatic and environmental condiioras high resin
production have frequently occurred. The resin, after having drippdtetground,
was buried by sediments and protected by the weathering. Whestetiieanaerobic
conditions for resin preservation were present, the transformatiomberastarted.
The most volatile compounds (monoterpenes and sesquiterpenes) fledhom t
material, while, following a free-radical reaction mechanisrthe presence of high
temperature and pressure, a process of diterpenes polymerisatoompanied by
other processes, such as isomerisation, cyclisation and crkisgy)i carried out the
formation of high molecular weight chains (Grimaldi, 1996; Ross, 1998] &tcd4l.,
1999; Lambert et al., 2002). Resin became harder and stiffer, tumingopal. The
real amber rose during the last phases of this polymerisatioegsrdtigure 1.3).
Fossilisation of the resin (the process is known as amberizatign)abied for a
variable time, which could be even several millions of years,ndi#pg on a number
of variables, such as temperature, pressure, water content, oxygahppassure and
pH (Anderson et al., 1995; King, 2006).

Volatile compounds @ Monomers @

Figure 1.3 Resin fossilisation process that produced amber (modified from Pontin et
al., 2000).

Fossilised residues (organic inclusions) of insects, plants and paelleick remained
entrapped in the original resin, can be embedded in the amber (Poina?&Bii2;et
al., 1995). The study of these organisms plays a very importaninrplaleobotany
and paleontology fields (Larsson, 1978). It is important to note thahtimal parts
of the organisms are not preserved in every inclusion trapped in ahhgewisible
insect or plant is often merely a shell, since the interi@nmpty and the external
structure has been completely desiccated (Clarkson, 1998). Reseaegarding
microorganisms isolated from amber are also retrievabléerature (Greenblatt et
al., 1999).

Amber can also contain inorganic inclusions that likely came froen external
environment around the resin during the fossilisation process. For instanse
frequently possible to detect the presence of pyritesfFa8lite (NaCl) and anhydrite
(CaSQ) crystals (Kirchner, 1950).
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Figure 1.4 Organic inclusion
represented by an insect trapped in
. amber.

The greatest concentration of amber within the geologicaldtake starts around 145
millions of years BCE (early Cretaceous), but the oldest asgeaimens were found
in sediments 300 millions of years BCE dated (Rice, 1999).

Billions of years ago ‘

200 200 100 0

Millions of years agof(Myr) ‘

200 1Tl]' 80 60 40 ﬁﬂ 10

| |
| surassic (O Gretaessus O [ Teram

Millions of years ago(Myr)

C— abundant amber (The Age of Amber) |gggnd
@ first cells present
O first land plants and animals . ocldest reported fossil insect in amber
@ estimated cldest amber specimen found . dinosaurs extinct

Figure 1.5 The presence of amber in the scale of time (modified from
www.3dotstudio.com/amberhome; © 1995-1999 by 3 Dot Studio).

Regarding the classification of different types of amberretrere two kinds of
categorisation system: one is founded on the historical-litéradition, where names
come from finding places, historical backgrounds, discoverers (tahl®dck et al.,
1986; Grimaldi, 1996), while the second one is based on the structural
characterization, where it is possible to distinguish five elsslated to the structure

of the principal polymer (table 1.5 and figure 1.6; Anderson et al., 19%&hGwski

et al., 1996).



Table 1.4 Historical-literary classification for some European amber deposit

Provenance Varieties

Baltic area Succinite, gedanite, gedano-succinite, bekerite, stantienit
Italy Dolomitic, appenninic, simetite

Romania Rumaenite, almashite, delatynite, huntenite

Hungary Ajkaite, kiscellite

Switzerland Allingite, plaffeiite

Czech Republic  Walchowite, muchite, neudorfite, euosmite

Table 1.5 Structural classification system for fossil resins (modified from Asade

et al., 1992)
Class Description
Class | The macromolecular structures of all Class hitesi are derived from

Class la

Class Ib

Class Ic

Class Il

Class Il
Class IV

Class V

polymers of labdanoid diterpenes, including labdatriene carboxylic
acids, alcohols and hydrocarbons

Derived from/based on polymers and copolymers of labdanoid
diterpenes having the regular configuration, normally includingnbut
limited to, communic acid and communol, and incorporating significant
amounts of succinic acid; also biformene (and related isomegshema
included

Derived from/based on polymers and copolymers of labdanoid
diterpenes having the regular configuration, often including, but not
limited to, communic acid, communol and biformene (and related
isomers); succinic acid is absent

Derived from/based on polymers and copolymers of labdanoid
diterpenes having the enantio configuration, often including, but not
limited to, ozic acid, ozol and enantio-biformene (and related isomers)

Derived from/based on polymers of bicyclic sesquitergenoi
hydrocarbons, especially cadinene and related isomers

Natural (fossil) polystyrene

Fundamental structural character is apparently non-patym
especially incorporating sesquiterpenoids based on the cedrdmos car
skeleton

Non-polymeric diterpenoid carboxylic acid, especiallyetbasn the
abietane, pimarane and iso-pimarane carbon skeleton




Class I
Polylabdanoid

b]/tl!ymer
.

¥R
Class Ia: Class Ib: Class Ic:
Including May Include May Include
R =CO,H R=CO,H R=CO,H
R = CH,0H R = CH,0H R = CH,0H
R = O-Succinyl R=CH, R=CH,
May Include Others (7) Others (?)
R=CH, No Succinic Acid No Succinic Acid
Others (?)
Class I1 Class I11
Polycadinene Polystyrene
1
Y
Abietane/Pimarane
Céﬂjfa,g CO,H Diterpenoids.

{Labdanoids normally

sesquiterpenoid
q P absent)

Figure 1.6 Schematic representation of the structural classificatistesyfor fossil

resins (Anderson et al., 1992).



All over the world there are numerous deposits of amber. The natensidered in
this work is the amber coming from the Baltic area. Baltibems one of the most
common and most investigated kind of amber, due to the abundance of itssdeposit
(figure 1.7). Its origin is located in the Northern European eosared by the Baltic
Sea and its age is estimated around 35-40 millions of years (R®@@; Pontin et al.,
2000).

The succinite, derived from fossilisation of the resin produced layge Inumber of
different conifers (including, but not limited tBjnus succiniferaLangenheim et al.,
1965; Langenheim, 1969) and characterized by a content of succinlweasieen 3%
and 8% (Mills et al., 1984), is the most widespread kind of Baitibext and it is
often, but incorrectly, simply identified as “Baltic amber” hetliterature. However,
it is necessary to specify that there are several kinds l6t Banber in addition to
succinite, e.g. glessite, stantienite, gedanite, gedano-succiniteaarydothers, which
are still less studied and much less common.

Identification of the succinite has been subject of argumemts svhen in the past its
recognition was based on the erroneous hypothesis that the sucdohiova
contained exclusively in this type of amber. Substantial quantitissazinic acid are
actually found in ambers from Portugal, France, Romania and kalyei (Beck,
1985; Tonidandel et al., 2009). Nowadays the analysis by infraredrcguegy
allows the identification of succinite in an unmistakable way #ndharacterization
has been abundantly discussed in the literature since the fils$ wbBeck during
the 60s (Beck et al., 1965).

& carboniferous
& Triassic

& Cretaceous

¢ Cenozoic
Pleistocene/Holoce

Figure 1.7. European distribution of amber deposits. The red line defines the
succinite provenance area, where amber was redistributeddagrgland post-glacial
rivers (modified from Koller et al., 1997).



Chemically the succinite is composed of two fractions, which hasacterised by
different solubilities in ether (Gough et al., 1972; Mosini et al., 198ds et al.,

1984; Villanueva-Garcia et al., 2005) and which are described intt#&bbnd figure
1.8.

Table 1.6 Main chemical composition of succinite

Fraction Class of compounds Major compounds
Ether-soluble fraction Aromatic hydrocarbons Cymenes
Monoterpenoids Borneol, camphor,
fenchyl alcohol,
fenchone
Sesquiterpenoids Methyl fenchyl

succinate, methyl
bornyl succinate

Diterpenoids Compounds of the
abietane, pimarane and
labdane series

Other compounds Terpenol succinate and
hemisuccinate esters
Ether-insoluble fractich  Labdatrienoid compounds Communic acid,

communol (with its
hydroxyl groups
partially succinylated
by a characteristic
content of succinic
acid’)

This fraction is formed by a polylabdanoid (copobmof labdanoid diterpenes) belonging to the class
la in the system proposed by Anderson et al. (39€@)taining alcohols and acids, this fraction is
often indicated as alkyd copolymer.

®Succinic acid is suggested to be not an originalmanent of the resin which produced amber, but a
degradation product of abietic acid (Rottlande7 9

Polymer

N R Polylabdanoid » R Monomer of labdanoid
(class la) diterpene
R = -COOH (communic acid) HO—C—(CH; } — C—OH

R = -CH,OH (communol) ﬂ//' |[|3 3% - 8% ﬂ)
R = -O-Succinyl (communol + succinic’acid
succinate ester)

Figure 1.8 Schematic description of the succinite ether-insoluble fractaucture
(usual numbering of atoms is employed).



1.2 Amber in museums.

Since the prehistory amber has been considered a precious Imaieciant people

used to attribute a great commercial value as well ascnaagi therapeutic powers to
amber; for that reason the mankind has employed amber to produceentsa
jewellery and decorations (figure 1.9) since the end of the pdlaegieriod until the
present days (Jensen, 1982; Kristensen, 1986; Botfeldt, 1987; Brost et al., 1996;
Koller et al., 1997; figure 1.10).

Museum collections of amber objects are of interest to arabgiets and curators
because amber jewellery reflects the economic, socialjaetigand other cultural
beliefs of the peoples who made and wore it.

Once amber objects are registered in museum collections essemced, the
institution becomes responsible for their long term preservatioi thimtend of their
useful lifetime (Feller, 1994; Shashoua, 2002).

It is important that appearance and meaning of amber objects aumullections
are preserved for study and cultural enrichment for future generations.

® & 9 o
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13 14 1 16 17 18 19 20 2
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Figure 1.9 Small elements of amber jewellery from the collectionghef National
Museum of Denmark (Neolithic beads found in Skanderborg -Denmark-, dated 3-2
thousands of years BCE).

1.3 Nature of the problem.

A survey completed in 2000 showed that the National Museum of Denmark has
around 17,000 archaeological objects of Baltic amber in its collediiemsen et al.,
2000), which are among the largest in Europe. Approximately 45% of émalser
objects has degraded, presenting surface crazing, powdering angrdisco] and it
requires urgent conservation treatment (figure 1.11).

Degradation has resulted in restricted access to the amfiedty curators, students,
archaeologists and visitors, and it has limited display and loan of these objects.

Between 1870 and 1980, active conservation treatments, based on theiappiicat
polymeric materials used as adhesives and consolidants, aimeddolidate and
stabilize fragmented surfaces of crumbling amber objects (1abjeVillemos, 1976;
Kunkuliene, 1981; Fraquet, 1987; Cronyn, 1990).

With time, these conservation materials themselves deteripratétithey damaged
the amber surfaces they were supposed to protect, causing €laegéour, fissures
and losses. Furthermore, the application of chemicals to amber phjbats may be
required to be analysed for identification and provenance studies, cailaterdahe
analytical results (Clydesdale, 1999).

10
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Figure 1.1Q Timeline of amber cultural history: before the Christian @gaand
during the Christian era (b) (reprinted from www.3dotstudio.com/amberh@me
1995-1999 by 3 Dot Studio).
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Figure 1.11 Comparison between a well conserved amber fragment (a) gpctal t
degraded object observed in Baltic amber collections of the NatMoaéum of
Denmatrk (b) (reprinted from Shashoua, 2002).

Table 1.7. Early conservation treatments for deteriorated Baltic amber

Group of materials Polymeric matefial

Aqueous solutions of natural proddcts Gelatin
Isinglass
Agar-agar
Pure natural products Tree resins (e.g. dammar)
Insect resins (shellac)
“Oil of amber” and waxes
Solvent based synthetic products Synacryl 9122X (diluted with xylene)
Bedacryl 122X (diluted with xylene)

Paraloid B72 (diluted with xylene or
acetone)

#Consolidants were often applied under vacuum predsuaid deeper impregnation.
PPhysico-chemical properties, e.g. fluidity, harsenand cross-linking, were often improved adding
glycerine, phenol or formalin.

12



2.OVERVIEW OF THE RESEARCH
PROJECT.

This chapter explains the need to understand the degradation mechahiBaisc
amber in order to develop a set of inhibitive conservation techniques. ufiteantc

state of the art about interactions between amber and envirohrfeenitas is also
presented, as well as an introduction to the methodology used during previous
researches and for this study.

2.1 Research project objectives.

To make possible the preservation of Baltic amber, two differenbapipes can be
considered:
active conservation treatments practical activities applied as necessary to
individual objects to limit further deterioration and repair damagksy include
cleaning surfaces, adhering broken sections and filling missiegs ato
strengthen objects weakened by deterioration;
preventive(or inhibitive) conservation strategy group of techniques which are
based on the control of parameters, e.g. temperature, illumirgaitbatmosphere,
in the environment where objects are placed during storage, transpalisplay,
with the aim of slowing those chemical reactions that causecoeleaate
degradation.

Regarding degrading amber, for many years conservation reseascfocused on
active methods, such as testing several polymeric coatingsnfmegnating and
consolidating fragile objects (Thickett et al., 1995; Zivanceval.e2006), but these
techniques often appeared not suitable, since they carried moeeeswisual

alterations and more structural damages than benefits, like Matienal Museum of
Denmark’s collections case (figure 2.1). In other instances tteedengs resulted in
not easy reversibility, precluding any chance of further chainac archaeometric
analysis (Clydesdale, 1999).

13
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Figure 2.1 Examples of degraded archaeological Baltic amber objects the
National Museum of Denmark’s collections, after active conservareatments:
darkened beads after application of gelatin-glycerine solutigrei@led pieces after
application of wax (b - ¢), completely fragmented objects after varicasrtemts (d).

Consolidants and adhesives on amber should be avoided, unless theycHye stri
necessary, e.g. for extremely deteriorated and fragile samplds (B282).

A more effective inhibitive approach, which may eliminate thedneé active
treatments, could be developed if the causes and pathways of amizetatien were
better understood.

The aim of this project was to achieve a deeper understandihg afechanisms by
which Baltic amber degrades, in order to develop techniques for preventi
conservation, with the purpose to slow down the rate of degradation of amber objects.
Therefore an extensive literature survey, to clarify whatnswn today about the
degradation of Baltic amber (see references list), and estatd#nt of contact with
other researchers in this field, to identify other current stydess acknowledgements
section), were the first steps in the project plan.

14



2.2 Degradation of Baltic amber — state of the art.

Baltic amber is a sensitive material to physico-chemecaironmental factors. It is
extremely predisposed to progressive degradation and eventually tplet®m
disintegration by atmospheric oxidation, accelerated by heat and liglk, (EB82).
A clear understanding about interaction between amber and environrfentas
(e.g. heat, light, oxygen, relative humidity and pH) is essendiatamprehend
degradation processes.
Current state of knowledge presents few degradation feakgasdmg Baltic amber,
since research deals predominantly with geological, paleontologaad
archaeological inquiries, as well as restoration issues.
The role of environmental factors in the degradation procesdl isuffject of studies
and during this work new experiments were necessary to providenees. For
example:
energy (heat, light)- heat and UV radiation can promote rapid chemical
degradation (respectively thermal-oxidation and photo-oxidation; Beck, 1982;
Williams et al., 1990), while visible light is reported not to dff@mber (Williams
et al., 1990; Thickett et al., 1995);
oxygen— oxidation of terpenoid components, where unsaturated carbon-carbon
bonds are oxidised to acid groups, is thought to be one of the major degradat

mechanisms (Beck, 1982; Shashoua et al., 2005); oxidation is a surface

phenomenon because of the low permeability to oxygen of the mg&hedhoua
et al., 2005) and the higher is the surface area to volume rationligmall or
rough samples, the faster oxidation occurs (Jensen et al., 2000);

relative humidity— amber is sensitive to both high and low RH levels, but
particularly to low, since it causes surface cracking, inangagpacity (Williams
et al., 1990); the rate of degradation may be slowed by moisthrek€tt et al.,
1995; Shashoua et al., 2005);

pollutants— air pollutants, volatile biocides and cleaning agents can cadaeesur
disintegration (Waddington et al., 1989; Williams et al., 1990); frestaces are
less affected by pollutants action than surfaces that have beeseexto air for a
number of years (Waddington et al., 1989).

2.3 Analytical techniques applied to Baltic amber -state of the art.

Analysis by several techniques, e.g. nuclear magnetic resoepactoscopy (Beck
et al., 1973; Lambert et al., 1982; Lambert et al., 1985; Banerjee, e198i7,;
Martinez-Richa et al., 1999), gas chromatography and mass spdcyroosed
separately or in combination (Galletti et al., 1993; Heck, 1999; AndeX0b;
Tonidandel et al., 2009), thermal analysis or pyrolysis combined wi#ss
spectrometry (Wampler, 1995; Ragazzi et al., 2003; Feist,e2(07) and infrared
spectroscopy (Beck et al., 1965; Langenheim, 1969; Lambert et al;, R@€Ihan et
al., 2007), is commonly carried out on amber for different purposes (table 2.1).
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Table 2.1 Analytical techniques commonly used for amber studies

Technique Information available Applications
Nuclear Magnetic Quialitative and structural Identification of the
Resonance spectroscopy analysis paleobotanic source
(*H-NMR and Characterization of
3C-NMR) geological deposits
Mass Spectrometry (MS) Isotopic compositibiC( Characterization of
%0, D) geological deposits

Achievement of
paleoclimatic information

Pyrolysis - Gas Chemical composition Identification of the
Chromatography - Mass paleobotanic source
Spectrometry (Py-GC-MS) Characterization of

geological deposits
Infrared spectroscopy and Qualitative and structural Identification of the kind
Raman spectroscopy analysis of material
Characterization of
geological deposits
Identification of the
paleobotanic source

Understanding of
degradation mechanisms

The identification of the paleobotanic source is normally used forojpale
environmental and paleo-climatic reconstructions (Langenheim et 1865;
Langenheim, 1969), while the characterisation of geological depositk @eal.,
1965; Stout et al., 2000) can be coupled with the analysis of archaablobjects
allowing the recognition of provenance of the raw material andd#imition of
ancient trade routes (Beck, 1985; Angelini et al., 2005; Ragazzi @086; Deviese
et al., 2007). The identification of the kind of material can be appliedasas of
incorrect visual identification (copal, wood-coal and glass caoneausly be
identified as amber) and falsification (some synthetic mdgerisuch as
nitrocellulose-based plastics, can be used to produce amber imit&ilitech et al.,
1998).

Among the listed techniques, infrared spectroscopy is the mostyvagplied; the

reasons for the wide spread of this methodology are several @eak, 1965;

Langenheim, 1969; Lambert et al., 2002):

- ease of usandshort analytical time- the simple and fast analytical procedure
allows the analysis of a large amount of samples, making postiele
achievement of consistent statistic information;
reliability — the principle on which the analytical process is based (i.e. the
absorption of infrared radiation by the material) does not altesaimple, making
the method completely trustworthy;
micro-destructivity— requiring samples of the order of 0.2 — 2 mg, sampling does
not change the scientific and aesthetic value of the object undesianéhat is a
necessary condition in the field of cultural heritage;

16



diagnostic power results contain several diagnostic parameters that can dbe use
for diverse scopes, e.g. identification, characterisation, evaluafiarhemical
changes.

Infrared spectroscopy analysis of amber shows intense absorptids baat are
highly characteristic. The region between 3700 and approximately 135@group
frequency area) includes bands which are common to all types l@ramhile the
region between 1350 and 700 Ctrtfingerprints area) presents a series of relatively
intense bands, which are different for various types of amber and goemsly, used

to identify and characterize specific deposits.

The infrared spectrum of Baltic amber shows a typical patteanacterized by the
presence of three peaks at 1150 + 15, 995 + 15 and 888 *.ITte main infrared
bands characteristic for Baltic amber are listed in table 2.2 and showed enZigur

The band between 1250 and 10107cmelated to C-O bonds characteristic for
succinate ester, is used to discriminate between European ashiBakic and non-
Baltic origin (Beck, 1986) and normally has a broad horizontal regiomeleet 1235

and 1175 cil, known as Baltic shoulder. This region becomes more and more
sloping going from fresh to deteriorated condition (figure 2.3; Beck et al., .1965)

Infrared spectroscopy analysis of amber can be performeifferent geometries:
Fourier Transform InfraRed (FTIR; Beck et al., 1965; Williarhale 1990; Kalsbeek
et al.,, 2007; Pakutinskienea et al., 2007), Diffuse-Reflectance ldfracairier
Transform (DRIFT; Angelini et al., 2005) and Attenuated Total R&flece (ATR)-
FTIR (Shashoua et al., 2005; Guiliano et al., 2007).

During the study described here it was decided to utilize-ATHR spectroscopy for
the extreme ease of use due to the absence of sample preparation for tihe analys

Fourier Transform (FT)-Raman spectroscopy is also succesafplied on the study
of amber (Edwards et al., 1995; Moreno et al., 2000; Brody et al., 2@dtiXet al.,
2004; Shashoua et al., 2005; Edwards et al., 2007) and it was used irorthiasw
complementary method of ATR-FTIR spectroscopy, since usefatihat same
frequencies in spectra from the two techniques may have differemisities and
resolutions (Colthup et al., 1990).

All the details about the mentioned and other techniques which werelused this
study are presented and discussed in the materials and methods chapters.
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Table 2.2 Main infrared bands characteristic for Baltic amber

Band (cnt) Group Type of vibrational Change in
change intensity due to

degradation

3700 — 3100 -OH O-H stretching Increase due to
adsorption of
water

3095 RHC=CH and C-H stretching

R]_RzC:CHz

2930 + 10 and
2853+ 10
2962 and
2861 + 20
1735 - 1700

1650 — 1600

1450 + 20
13755
1250 — 1010

995+ 15

8881

(terminal olefins)
>CH,

-CHs

C-H stretching

C-H stretching

>C=0 (of esters and C=0 stretching

acids)
>C=C< (non-
conjugated)
>CHand -CH
-CH

C=C stretching

C-H bending
C-H bending

-CO-O- (of succinate) C-O stretching

>CH
(of cycloalkanes)
RHC=CHand
R1R2C=CH2
(terminal olefins)

C-H bending

C-H out-of-plane
bending

Increase due to
oxidation

Decrease due to
oxidation

Baltic shoulder
negative slope
due to oxidation

Decrease due to
oxidation

#1235 -1175 Baltic shoulder, 1150 + 15 peak.
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Figure 2.2 Characteristic IR spectrum of Baltic amber.
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Figure 2.3 Increase in slope of the Baltic shoulder in the region between 12B5 a

1175 cnt during degradation.
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2.4Research project strategy.

In order to study deterioration of Baltic amber, the starting pea# to identify and

monitor surface and bulk properties which are affected during degradation.

The planned methodology to operate (figure 2.4) consisted of the use of:

- accelerated ageing, by high temperature and light, to speed graddgon
processes of raw Baltic amber samples in the laboratory;
non/micro-destructive analytical techniques, to identify and quaatinges in
visual (appearance, colour), chemical (functional groups, elementglostion)
and structural (off-gassing from the material, surface roughrn@®perties, in
order to elucidate the chemical reactions (mechanisms) invoinedhe
degradation processes and the related physical consequences.

Selection of representative model amber

l

— Preparation of test pieces

L

Accelerated ageing, to mimic real time degradation,
in various microclimates relevant to burial, st@ad
use and display conditions

L

Examination of changes caused by accelerateﬁ
[

ageing to visual, chemical and structural propsrt

L

— | |dentification of major factors causing degradatign

l

Definition of mechanisms by which amber degrades

Figure 2.4. Diagram showing the planned experimental methodologyKeliminary
investigation, advanced investigation).

The ultimate objective of these investigations was the developmeimhibitive

methods by which the useful lifetime of archaeological Baltitber objects can be
extended.
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3.PRELIMINARY INVESTIGATION -
MATERIALS AND METHODS.

This chapter describes the experimental design providing detbibsit which

materials were employed and how the methodologies were developed and used.
If not specifically noticed, all the tools, devices and analyimstruments used for
the preparation, the ageing and the analysis of the samplesawaitable at the
School of Conservation of the Royal Danish Academy of Fine Arts,lendgderator
was the author of this thesis. All the employed instrumental operseéttings were
considered, after pilot tests, the least required to obtain reliable ancatdpeasults.

3.1 Selection and characterization of the model matial.

For this study no real archaeological object was used (excdpivi occasions for
comparative purposes, as it will be described later on), because of sevenas reas
inhomogeneity of samples, unknown storage background and unethical use for
research scopes. Consequently, the first step during the exptirpbase was to
find the most appropriate material to use for the production of tinglea. It was
necessary that this material was large enough and as homogeasepassible, in
order to produce a big number of samples with similar properties.

It was decided to visit the main office of Ravfehrn ApS, wh&cbne of the biggest

producers of amber jewellery in Denmark, placed in Sgborg (around 10 kideout

Copenhagen).

There, a large piece of raw Baltic amber (approximately 15 x @Zm, figure 3.1)

was selected for its visible homogeneity. The parameters coegitie evaluate the

homogeneity were:

- uniform translucency and colour translucency and colour of a given piece of
amber depend mainly on the amount of air bubbles contained and on their
distribution (Ross, 1998); the selected lump was considered uniform emough
translucency and colour, since only few parts of it containe@ lemgcentrations
of air bubbles producing a clouded appearance;
absence of organic or inorganic inclusionrsthe selected lump, by a simple
backlight examination, did not show the presence of any biologicatioeral
inclusion.

The following stage consisted of the characterization of thewaterial by the use of
ATR-FTIR spectroscopy. The purposes were to verify the actust Bemovenance
(the FTIR spectrum of Baltic amber is absolutely charatieasid diagnostic; Beck
et al., 1965) and to characterize the chemical groups present in the unageal.materi

To perform the ATR-FTIR analysis, the following procedure was employed:

- sampling— three small fragments (around 2 mg each) of the amber chuek we
removed from the external surface by the use of a scalpelthidé® chips were
observed using a reflected light optical microscope, to verify biserece of any
sedimentary matrix on the external surface and air-bubblesiimatusn the
interior,
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analysis— ATR-FTIR spectra were collected using a Perkin Elmectga One
FTIR spectrometer (details and operative settings are listed is Ghland 3.2).
After the acquisition of an air-background, each fragment wasglan the
reflection accessory and consequently analysed.

U T |
A S R e e s e

Figure 3.1 Four views (a-b-c-d) of the Baltic amber lump selected foptbeuction
of samples.

22



Table 3.1 Characteristics of the Perkin EImer Spectrum One FTIR rgpeeter used
for the analysis of amber fragments

Feature Description

ATR accessory ASI  DurasampllR  single reflection
accessory with an angle of incidence of 45
and fitted with a diamond/ZnSe internal
reflection element (active area of 1 mm

diameter)

Detector Pyroelectric: DTGS (deuterated triglycine
sulphate)

Applicative software Perkin EImer Spectrum version 6.2.0

Table 3.2 Operative settings for ATR-FTIR analysis of amber fragments

Parameter Value

Range 4000 cth— 650 crit
Unit Absorbance
Number of scans 4

Resolution 4 cm

Force gauge 70

The observation of collected spectra confirmed that the selegted b6f amber

belonged to the Baltic type (figure 3.2).
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Figure 3.2 One of the spectra (in absorbance) which showed the Balticenaf the
selected lump of amber.
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3.2 Preparation of amber samples.

In order to investigate the role of the surface area to volatieduring degradation,
amber samples were prepared in two sample sizes:
right rectangular prismgsimply named prisms later on) of approximately 18 x 9
X 5 mm,;
powder where the surface area to volume ratio is the highest.
The procedures used to produce the samples were planned with the porjioge
any potential degrading effect, due to the formation of free radicals (kip 1971).

Amber prisms were obtained following this procedure:

- a few unrefined slices of approximately 12 x 6 x 1 cm were gt imanual saw,
with very slow motion to minimize the heat due to the friction asgchmas
possible;
each slice was cut and refined in prisms of the right size asiBgehler Isomet
low speed electrical saw, cooled with a 3% water solution oe&rAdditive for
Cooling Fluid;
it was decided not to polish the surfaces of the prisms becausealiieagy
appeared extremely smooth after cutting.

Figure 3.4 Low speed electrical saw used to cut the amber prisms.
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Figure 3.5 Amber prisms.

At the end of the preparation, 80 prisms were obtained. Mean weigltt.8/&a% 0.01
g.

Amber powder was obtained following this procedure:

- a part of the amber lump was smashed in a number of big fragosémgsa wood
hammer (wood absorbs shocks better than metal because of thehagtierty;
Callister, 2002); the impact had to be intense enough to obtain theedkqui
number of fragments in one attempt;
the fragments were placed in a ceramic sphere-mill; oncedildee mill was
located and kept in continuous rotation on a Chematex AB rolling machine;
sporadically the mill had to be wet with liquid nitrogen in orderkéep the
temperature down;
the powder was collected and sieved through a 0.5 mm mesh siewe avenly
sized grains.

Figure 3.6 Wood hammer used to smash the amber piece for powder production.
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a b

Figure 3.7. Ceramic sphere-mill (a) kept in rotation on the rolling machine (b) used to
grind the amber.

=y

Figure 3.8 Amber powder collected after sieving.

At the end of the preparation, around 100 g of powder was collected.

3.3 Ageing of amber samples.

Samples were placed inside wide neck 100 mL Bibby-SterilimxPgtass flasks with
polypropylene cap and silicon gasket (baked out at @@or 4 days before use to
remove impurities). Samples were then subjected to two diffeneas kif accelerated
ageing:
thermal-ageing- performed in a Memmert UL 50 oven (see operative conditions
in table 3.3);
photo-ageing— performed in an Atlas Ci3000+ light chamber (see operative
conditions in table 3.4).
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Table 3.3 Operative conditions for thermal-ageing of amber samples

Parameter Value
Chamber temperature 70 £ 2%°C
Relative humidity 20%
Light radiation Absent
Period 35 days

®The temperature of 70 °C was considered appropsitee a higher temperature could activate
chemical reactions (Feller, 1994) which are différérom the natural processes involved in the
degradation of amber.

PAgeing periods of 35 days were already tested |t pkperiments andesulted in a suitable length of
time to make changes, in colour and molecular siracin the amber samples at 70 °C.

Table 3.4 Operative conditions for photo-ageing of amber samples

Parameter Value

Chamber temperature 30 + 2*C

Relative humidity Approximately 50%

Radiation source Xenon lamp

Light radiation type r?r?)ﬂlght behind window glass (325 — 760
Irradiance 40 W/R°©

Period 17 days

®The ageing environment was kept as cool as possitdeparate the degradation effects of heat from
light; the temperature of 30 °C was the lowest jbss

®To obtain the absorption of UV radiation, a Cir&adalime filters combination was applied around
the xenon lamp.

“The irradiance value was calculated on the regawéen 300 and 400 nm of the spectrum emitted by
the xenon lamp.

9t was decided to stop the ageing after 17 daysalme changes in colour and molecular structure of
the amber samples could be measured.

On the photo-ageing a group of control samples (blind samples laterasn)sed in

order to verify the absence of further ageing factors than lidiree prisms and 1 g
of powder were placed inside two open wide neck 100 mL Bibby-SteyitexRylass

flasks, one flask for the prisms and one for the powder. The flastes wrapped in

aluminium foil to block the exposure to light.
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a b

Figure 3.9 Ageing of amber samples: oven used for thermal-ageing (a)igimtd |
chamber used for photo-ageing (b).

For both the accelerated ageing procedures, samples were expoSedifferent
microclimates (table 3.5), relevant to burial, storage, use and yispialitions, in
order to study the role of different environmental parametetatige humidity,
presence of oxygen, pH) on the degradation of amber.

Four types of storage were required (see details in figlil€sa-d), depending on the
kind of ageing (unlike the thermal-ageing, in photo-ageing the sainateso “face”
the light to be aged) and on the size of the samples (unlike 8magprihe powder is
not a compact object). All materials used for the accelerajeith@ procedures were
selected for their high physico-chemical stability.

Table 3.5 Microclimatic conditions used for the accelerated ageing of amber sample

Microclimatic condition How achieved

20% RH, sample exposed to external

atmosphere (open air) Using open containers

100% RH, sample exposed to internal Placing deionised water inside

2 atmosphere, pH 5.5 closed containers
3 20% RH, sample exposed to internal Placing silica gel inside closed
atmosphere containers
i 0
20% RH, sample exposed to internal P lacing an oxygen absorbe_r (50%
4 hvooxic atmosphere iron sulphate + 50% potassium
yp P chloride} inside closed containers
5 100% RH, sample exposed to internal  Placing water solution of acetic acid
atmosphere, pH 4 33% inside closed containers
. Placing water solution of
0,
6 100% RH, sample exposed to internal ammonium hydroxide 5% inside

atmosphere, pH 10 closed containers

®This oxygen absorber was prepared by the authoitarmmposition was suggested by Grattan and
Gilberg, 1994.
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Thermal-ageing: prisms

Nylon net Nylon net

\

H
E
A
|__Amber T
Pyrex __, prism
container E
(200 ml)
R
Atmosphere

controller
solid=5 g)

Figure 3.10.a Experimental storage used for thermal-ageing of amber prisms.

Thermal-ageing: powder
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Pyrex _, powder
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controller
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Figure 3.10.h Experimental storage used for thermal-ageing of amber powder.
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Photo-ageing: prisms
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Figure 3.10.c Experimental storage used for photo-ageing of amber prisms.

Photo-ageing: powder
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Figure 3.10.d Experimental storage used for photo-ageing of amber powder.
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3.4 Examination of amber samples.

Samples were checked regularly for appearance and colour chaageca change,
rate of oxidation and qualitative analysis of volatiles reledsedmber, through the
analytical techniques listed and grouped in four main categories in table 3.6.

Table 3.6 Analytical techniques used for the examination of amber samples

Group of techniques Information available

A Visual examination by naked eye and Change in colour;
photography; surface appearance
Colour measurement by CIE L*a*b*
spectrocolorimetry

B Attenuated Total Reflection (ATR)-  Chemical groups present at the surface;

FTIR spectroscopy; changes in groups due to the
FT-Raman spectroscopy degradation
C Oxygen measurement by optical Determination of the rate of oxidation

respirometry

D Solid Phase Micro Extraction (SPME) Identification of volatiles released by
coupled with Gas Cromatography — amber
Mass Spectrometry (GC-MS)
headspace analysis

To ensure the analysis of the same surfaces of the prismsalvithe analytical
techniques and every time, one side of each prism was marked by a permanent pen.

Surface to
analyse

Figure x. Mark on the side of a prism that indicates the
surface to analyse.

In most of the cases both prisms and powder were analysed, but k& ma
measurements of amber powder by spectrocolorimetry and FBiRspectroscopy it
was necessary to create pellet-shaped samples (13 mm in atisaaeh) obtained
from pressed powder before and after ageing, since, to makethmthnalyses
possible, a smooth surface was required to avoid the high radiatiteriscacaused
by the particles. Pellets were prepared placing 300 mghbeapowder in a 13 mm
holder, which was located under a Perkin Elmer hydraulic pressavatad of 10 tons
for 5 minutes (figure 3.11).

Surfaces of prisms and pellets were washed with deionised Wwafere each
analytical stage, in order to remove possible residues that could affeeliabdity of
the results.
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Only amber powder was analysed through SPME-GC-MS analyse®, far this
method it was necessary to work with a small amount of mafar@aind 10 mg) not
compatible with the size of the prisms.

Figure 3.11 Production of amber pellets through the use of a hydraulic press.

More details related to the mentioned analytical techniques have to be ilbistrate

3.4.1 Visual examination by naked eye and photography
Appearance of amber samples was recorded using an Olympus @aG&050
Zoom 5.0 Megapixel digital camera.

Table 3.7 Operative settings for photographic recording of amber samples

Parameter Value
ISO parameters Automatic
Flash Excluded
Picture format RAW
Frequency of recordings during ageing Before 17 days 35 days
Thermal X X
Photo X X

Regarding the powder samples, it was decided to record pictures of both free powder
and pellets used for spectrocolorimetry and FT-Raman spectroscopy meassre
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3.4.2 Colour measurement by CIE L*a*b* spectrocolorimetry

Colour of samples was measured using a Minolta CM-2600d portable

spectrophotometer.

Table 3.8 Operative settings for spectrocolorimetric analysis of amber sample

Parameter

Value

Geometry
Specular reflection
Measuring field

UV content
Observer
llluminant

Colour space
Colour difference

Frequency of measurement during
ageing

d/8 (diffuse illumination P®bservation)
Included (SCI)

@ 3 mm for prisms, @ 8 mm for powder
pellets

100% (like daylight)

CIE 10

D65 (standardized daylight, 6500 K)
CIE L*a*b*

L*, a* b*and Eg?

Before 17 days 35 days
Thermal X X X
Photo X X

a

®Only prisms.

Figure 3.12 Portable spectrophotometer used to measure the colour of santpkes in

CIE L*a*b* colour space.

Procedure:

prisms — each prism was placed on a Sheen Instruments sheet (Ref.;301-A)

because of the slight transparency and heterogeneity of tine, patues of three
random points on its surface were measured against the blackdaukgthen
the procedure was repeated on the white background; the final CtB*Lrsult
was calculated as average of six values;
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powder— to measure the colour of the powder it was necessary to ppegi@ts
with the procedure previously described; each pellet was placed Simeen
Instruments sheet (Ref. 301-A) and, because of its opacity and homogeneity
single value was measured on the surface against the white background.

3.4.3 ATR-FTIR spectroscopy

The characteristics of the Perkin Elmer Spectrum One Fp&tometer used for
ATR-FTIR spectroscopic analyses have been already descdnbealragraph 3.1 (a
more detailed description of the instrument is showed in figure 3.13).

Table 3.9 Operative settings for ATR-FTIR analysis of amber samples

Parameter Value

Range 4000 cth— 650 crit

Unit Absorbance

Number of scans 4

Resolution 4 cm

Force gauge 70

Frequency of measurement during Before 17 days 35 days

ageing Thermal X X X
Photo X X

Michelson interferometer

1
|
1
1
1
1
|
1
1
1 1
1 Beam |
1

Moving mirror splitter 1

IR Source

Figure 3.1% Main components of the ATR-
FTIR spectrometer used to analyse amber
reprinted from
www.perkinelmer.com; © 2005 by Perkin

samples (ATR detail is

Elmer Inc.).

Det. PC

—

g

Amber spectrum
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Absorbance

Procedure:
background- background spectra of the empty, clean ATR accessory open to air
were run at hourly intervals;
prisms— each prism was placed on the ATR accessory and, because lajhthe s
heterogeneity of the prism, data of three random points on ifaceuwere
measured; each absorbance value was calculated as average of three values
powder — a small amount (around 2 mg) of powder was placed on the ATR
accessory and analysed;
guantification of degradation— the method developed to quantify levels of
degradation of the amber samples during the accelerated ageingasexs on
similar methods used in previous works (Shashoua et al., 2005). Beeeita
law, which states that spectral absorbance is proportionhetodncentration of
absorbing species in a material, was applied to the spectrahisaanalytical
technique the oxidation of the molecular structure was used and dalagated
on the base of relative absorbance values of the infrared band at 1788 cnit
(related to C=0 groups of esters and acids). Absorbance values band were
ratioed against a band at 1450 + 20'qrelated to C-H bonds of >GHand -CH
groups) which, during initial trials, did not show relevant chandes to the
ageing process. Absorbance of a chemical group may be deterasimedthe
area, width or height of its band. Since the two bands of intevest not
symmetrical, their maximum heights were determined on raorbéisce spectra,
without manipulations or baseline corrections (figure 3.14).

— Unaged

— Aged

f A!
_/ L

3500 3300 3100 2900 2700 2500 2300 2100 1900 1700 1500 1300 1100 900 700 500 300 100

Wavenumbers

Figure 3.14 Infrared bands observed in ATR-FTIR spectra to quantify levels of
degradation of amber samples.
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3.4.4 FT-Raman spectroscopy
FT-Raman analyses were performed with a Bruker RFS 100 spectrometer.

Table 3.1Q Characteristics of the Bruker RFS 100 FT-Raman spectromstelr for
the analysis of amber samples

Feature Description

Radiation source Nd:YAG laser at 1064 nm (NIR)
Detector Liquid nitrogen cooled Ge-diode
Applicative software Bruker Optik Opus version 5.5

Location H.C. QOrsteds Laboratory — Department of

Chemistry — University of Copenhagen

Table 3.11 Operative settings for FT-Raman analysis of amber samples

Parameter Value

Laser power 350 mW

Range 3500 cth— 10 cnt

Number of scans 500

Resolution 4 ci

Frequency of measurement during Before 17 days 35 days

ageing Thermal X X
Photo X X
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Michelson interferometer

Moving mirror splitter |

Amber spectrum

1
Beam Det. PC

Lens

IR laser

O

Lens

Sample

Figure 3.15 Main components of the FT-Raman spectrometer used to analyse amb
samples.

Procedure:
Initial trials showed that one analyses on each sample was etwggte repeatable
results;

prisms — each prism was placed on the sample holder of the instrument and
analysed on one point of the surface;

powder— to collect FT-Raman spectra of the powder it was negegsgrepare
pellets with the procedure previously described; each pelletpleagd in the
sample holder of the instrument and analysed on one point of the surface;
guantification of degradation— the method developed to quantify levels of
degradation of the amber samples during the accelerated ageingasexs on
similar methods used in previous works (Moreno et al., 2000; Shashoua, 2002;
Shashoua et al., 2005). For this analytical technique the breakdowritorrof

C=C bonds in the molecular structure was used and it was caitolatine base

of relative intensity values of the infrared band at 1650 — 1600 (cetated to

C=C olefin groups). Intensity values at this band were ratioethstghie band at
1450 + 20 crit (related to C-H bonds of >GHand -CH groups) which, during
initial trials, did not show relevant changes due to the ageingepso Maximum
heights of the two bands of interest were determined on raw Rap®uira
without manipulations or baseline corrections (figure 3.16).
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Figure 3.16 Raman bands observed in FT-Raman spectra to quantify levels of
degradation of amber samples.

3.4.5 Oxygen measurement by optical respirometry

For this study, to evaluate the oxygen consumption by the madariag the ageing,
a new method based on the use of optical oxygen sensor-spots, which allow
measurement of the oxygen concentration through the transparemfveaitiosed
container, was used. By this method, the oxygen concentration is nteaptically,
using light rather than traditional chemical or electrochemivethods (Matthiesen,
2007).

Oxygen measurements were made out using a PreSens Fibox 3 retspicoupled
with the software OxyView PST3 version 6.02, at the Research,y#&isabnd
Consulting Laboratory of the Department of Conservation — National Mus$um
Denmark.

Table 3.12 Operative settings for respirometric analysis of amber samples

Parameter Value

Excitation wavelength 505 nm

Operative temperature Room temperature

Unit % air saturation (i.e. oxygen in
atmospheric air is assigned 100%)

Frequency of measurement during Before 17 days 35 days

ageing Thermal X X

Photo X X

The working principle is based on the use of optical oxygen senstw-dpetails
about the method are showed in figure 3.17.
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Figure 3.17 Working principle behind optical oxygen sensor-spots. Light is
transferred via an optical fibre; the sensor foil with thggex-sensitive dye is placed
inside the container, and light is transferred and measured thtbegiansparent
container wall. The luminescent dye is excited by light at oaeelength and emits
light at another wavelength (1). When oxygen is present, the enérfpe excited
molecules is transferred by collision with oxygen insteadmisgion of light (2).
(Modified from Matthiesen, 2007).

Procedure:

- preparation— before the start of the accelerated ageing, a SP-PSt3DHAVYOP
Planar Oxygen-Sensitive Spot from PreSens was adhered to the ohsdeh
bottle with a tiny amount of Paraloid B72, leaving the bottle dpemt least 24
hours to allow the complete drying of the adhesive. A stock of expetah
storages had to be prepared exclusively for this analytical methamt the
containers needed to be sealed for all the duration of the ageinge(opposite,
for the other analyses the containers were opened during they ageander to
extract the samples for the measurements);
analysis— each sensor-spot related to one sample was excited bgdiation
from the optical fibre of the instrument, through the container ghadk the
resultant oxygen concentration value was logged by a PC connectidn to
instrument.

3.4.6 SPME-GC-MS headspace analysis

SPME is a patented extractive technique based on the adsorptionybéswiiiectly
from the headspace of a sample onto a coated fused-silica fibre. ¥Mlecoupled
with GC-MS, this sampling technique allows analysing volatile pamumds in an
innovative, fast and simple way, eliminating the need to heasdhgple at high
temperature.

Three control samples on thermal-ageing and three on photo-agetagused in
order to verify the absence of external contaminants. Each comtngbles was
prepared placing 10 mg of amber powder on the bottom of a 2 mL Chrogiassl|
vial with PTFE/silicone closure.

Analyses were carried out by Senior Researcher Jensruplast the Research,
Analysis and Consulting Laboratory of the Department of Conservatidational
Museum of Denmark, using a Carboxen/PDMS needle from Sigma Aldith a
Varian Saturn 2000 system (gas-chromatographer coupled with mass spectrometer)
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Table 3.13 Characteristics of the SPME-GC-MS equipment used for thg<asalf
amber samples

Feature Description

Carboxen/PDMS fibre characteristics 75 um, bipolar, maximum operative
temperature 340 °C

GC carrier He, total flow 13,7 mL/min

GC column CP-Wax 58 (FFAP) CB, polar, 25 m x 0.25

mm i.d., 0.3 um coating, maximum operative
temperature 250 °C

MS characteristics Vacuum pressure 6B mmHg,
guadrupole mass filter, Silcosteel treated ion
trap electrodes

Applicative software Varian MS workstation version 6.6

Table 3.14 Operative settings for SPME-GC-MS headspace analysis oframbe
samples

Parameter Value

GC injector conditions Initial temperature 150 °C for 0.10 min,
ramp rate 300 °C/min to 250 °C, held for
15 min

GC column oven Initial temperature 50 °C for 2 min, ramp
rate 10 °C/min to 240 °C, held for 5 min

MS scanning mode From m/z 25 to 399, selectively removing
the m/z 28 and 32 using the SIS facility

Frequency of measurement during Before 17 days 35 days

ageing Thermal X X

Photo X X
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Fibre in

Sample contact with
in vial the head
space

Figure 3.18 Method of the Solid Phase Micro Extraction coupled with GC-MS
(modified from www.sigmaaldrich.com; © 1998 by Sigma-Aldrich Co.).

Procedure:
preparation— 10 mg of amber powder from each sample were placed on the
bottom of 2 mL Chromacol glass vials with PTFE/silicone closune. ials were
loaded on a Varian 8200 auto-sampler with the SPME option;
micro-extraction — the SPME needle mounted in the auto-sampler was
automatically introduced into each vial and the fibre was exposed to the headspac
at room temperature for 10 minutes, in order to adsorb the vapours;
desorptionand analysis— after the micro-extraction, the SPME needle was
automatically transferred to the GC injector and it was deddidrel0 minutes
before the analysis of the vapours.

Blank samples (vials containing just air) were run every thegeples to make sure

that the SPME needle was cleaned.
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3.5 Overview of the experiment design.

To summarize the design of the preliminary investigation, mosheofirtformation
previously described are illustrated in table 3.15.

It is important to note that in most of the instances three samples for eacmatbombi
of ageing, sample size and microclimate conditions were useadube of the light
chamber smaller size, a minor number of samples was used incasageduring the
photo-ageing.

Table 3.15 Ageing experiment design. Unless it is indicated otherwiseh ea
container held one prism or one gram of powder. The differenttar@lgroups are
defined according to table 3.6 in paragraph 3.4

Open Pyrex flask.

Closed Pyrex flask.
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3.6 Additional analyses.

During the preliminary investigation it was also decided to rureva &dditional
analyses:
- C-H-N analysis- a type of elemental analysis to detect possible variatiotisei
elemental composition, precisely in the content of carbon, hydrogenitangen,
in the amber material during the ageing;
Micro-ATR-FTIR cross sections analysisanalysis of cross sections obtained
from amber prisms, in order to get information about the development of
degradation in relation to the distance from surfaces. The purposeheas
identification of degradation as surface or bulk phenomenon,;
Confocal profilometry- non-contact topographic analysis of the surface of prisms
in order to obtain information about any potential changes in the rougtinedo
the ageing.
In all the cases the experimental design was different fhemone described in the
previous paragraphs and consisted of the procedures described later on.
Regarding the frequency of the analyses, measurements wéremgel before the
ageing, after 35 days of ageing and after 70 days of ageing, bait obthe samples
were analysed every time. This is illustrated in figure 3.19.

Analytical steps

during the ageing Samples

Characterization Group A Group B Group C
(before ageing)

1% analysis
(after 35 days)

2" analysis
(after 70 days) v

Figure 3.19 Analyses planning during the accelerated ageing of amber samples.

3.6.1 C-H-N analysis

- preparation of samples 9 small fragments (around 2 mg each) were obtained
from one amber prism, which was not used for the main experiment, thtioeig
use of a scalpel;
ageing of samples three fragments (group A) were kept unaged, each one of the
remaining six (groups B and C) was placed inside a 2 mL Chroropeol glass
vial and subjected to thermal-ageing in a WTB Binder FED 115 oven, at
temperature of 85 °C and a relative humidit20%, in absence of light, for 35 +
35 days;
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examination of samples the analyses (that are destructive) were performed
following a standard protocol with a CE Instrument Flash 11Z2sdfA, by
Associate Professor Jesper Bendix at the Micro Analyticdbotadory -
Department of Chemistry - University of Copenhagen,;

comparison with an archaeological sampléhe same analysis was also repeated
on a fragment from the dark brown crust of an archaeologidat Banber object
(Neolithic bead found in Skanderborg -Denmark-, dated 3-2 thousands of years
BCE).

3.6.2 Micro-ATR-FTIR cross sections analysis

- ageing of samples- 3 amber prisms, which were not used for the main
experiment, were selected; one prism (group A) was kept unagédoreaof the
remaining two (groups B and C) was placed in a glass Petradiisubjected to
thermal-ageing, using the same oven and operative settings desorg@agraph
3.3, for 35 + 35 days;
preparation of cross sectionsbefore the analysis, each prism was cut along the
minor axe in two equal parts (obtaining 6 portions in total), usirBuehler
Isomet low speed electrical saw, cooled with a 3% water ignluf Struers
Additive for Cooling Fluid;
examination of cross sectiorsthe analyses were performed with a Perkin Elmer
Autolmage FTIR microscope (details and operative settingsisieal lin tables
3.16 and 3.17) placing each sample under the microscope objective/AT& crys
and collecting the spectra related to 15 points on the cross séhbtiea random
points at five different levels between the external surface taedcore);
absorbance values of each level were calculated as averatipeeef values.
Background spectra of a gold plate were run at hourly intervals;
guantification of degradation— to quantify levels of degradation of the amber
samples during the accelerated ageing, the oxidation of the nalestulcture
was used and it was calculated on the base of relative absorzdnes of the
infrared band at 1735 - 1700 @nfrelated to C=O groups of esters and acids).
Absorbance values at this band were ratioed against a band at 1450 20 cm
(related to C-H bonds of >GHand -CH groups) which, during initial trials, did
not show relevant changes due to the ageing process. Maximum heights of the two
bands of interest were determined on raw absorbance spectra without
manipulations or baseline corrections.

Table 3.16 Characteristics of the Perkin EImer Autolmage FTIR miapsaised for
the analysis of amber cross sections

Feature Description

ATR crystal Diamond/ZnSe

Detector Photoconductive: liquid nitrogen cooled
MCT (mercury cadmium telluride)

Applicative software Perkin EImer Spectrum version 6.2.0 +
Autolmage
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Table 3.17 Operative settings for micro-ATR-FTIR cross sectionsyamalof amber
samples

Parameter Value

Range 4000 cth- 650 cnt
Unit Absorbance
Number of scans 50

Resolution 8 cm

Measuring field 100 x 100m

3.6.3 Confocal profilometry
preparation of samples the same samples used for the micro-ATR-FTIR cross
sections analysis were also used for this analysis, but inabésthe scope of the
examination was to investigate the characteristics of trexrettsurface instead
of the cross section;
examination of samples the analyses were performed with a NanoFo&usf
Explorer (details are listed in table 3.18) placing each sample timel@onfocal
microscope objective and collecting the topographic data relat€3l random
points on the surface, with a z-steps width of i, roughness parameters (Ra
and Rq defined by standard ISO 4287) and height parameters (Sa defingd
by standard ISO 25178) of each sample were calculated asggavetrahree
values.

Table 3.18 Characteristics of the NanoFocuSurf Explorer used for the analysis of
amber samples

Feature Description

Light source High efficiency LED at 505 nm

Optical module 800 XS

Detector Fast digital camera 512 x 512 pixel, 10 bit
Applicative software Soft control & analysis (standard version)
Location NanoFocus AG, Oberhausen (Germany)

3.7 Data analysis and documentation.

The results obtained from the above described techniques were drtatgaegh both
critical evaluation and statistical study.
Statistical analysis was achieved using professional software such as
MS Excel 2007, to create tabulations, summarize data (averagesiarsl
deviations, standard errors), build graphical presentations (histegrseatter
plots) and perform simple tests (t-test for paired data);
SAS JMP 6, to perform complex tests (ANOVA — analysis of variance).
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A further important step during the management of the reseanaltsresnsisted of
the creation of a double database which contained all the informaieted to the
analysed amber samples. It was named double database becassdiitiged in two
different electronic environments:
informative database a data bank created with MS Access 2007, where all the
samples data, such as information register, chemico-physicakfespanalytical
results, comments, statistics, links to pictures and diagrame,deeumented and
stored,;
spectrographic database a library created with Perkin Elmer Spectrum 6.2.0,
where all the ATR-FTIR spectra of the analysed samples stered. The scope
was to create a tool that could be used to evaluate the degradateomsamber
samples during following phases of this study.

Figure 3.2Q Exemplificative detail of a data-form in the informative dasgbereated
with MS Access 2007.
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4. PRELIMINARY INVESTIGATION -
RESULTS AND DISCUSSION.

In this chapter, the results related to the different analytregthods which were
employed during the preliminary investigation are presented.

During the description of the results, each microclimatic condisonited by the
respective number (according to table 3.5 in paragraph 3.3), with additional comments
to remind the reader about the main characteristic.

4.1 Analysis and interpretation of achieved data.

4.1.1 Visual examination by naked eye and photography

Amber prisms and powder were observed and photographed before and after the
artificial accelerated ageing procedures.

Pictures of prisms are showed together with the colour measureemiits in
appendix A — subsection A.1, to illustrate the correlation between angeaasnd CIE
L*a*b* parameters.

Visible changes in the appearance of the prisms were observapl®roglamples
aged in acidic (condition 5) and alkaline (condition 6) pH, since aftérthetageing
procedures the surface of these samples looked more opaque and almost notched.
Regarding the powder, it was observed a general darkening dodiggt on photo-
ageing this change in colour was visible only on a thin external layer.

Moreover, a strong cohesion between the powder particles occunredidic
condition 5, resulting in the formation of a clump of hard materigufé 4.1); it was
not possible to determine the hardness of these clumps becaumsr agiall size,
which did not allow any conventional method to measure penetration or €ssigr
resistance. An empirical method based on fingernail scratchiggested that the
hardness was lower than 2.5 in the Mohs scale (American Federation of byt
Societies, 2008).

The cause of this cohesion phenomenon is not known and more studies will be
necessary.

Figure 4.1 Amber powder: comparison between the pre-ageing (a) and the post-
ageing appearances (b: general case; c: atypical case of aciditocobidi
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From these observations, it was possible to conclude that acidicllkaithea pH
conditions produced the strongest visible changes (deterioration ofspsisriaces
and cohesion of powder particles).

4.1.2 Colour measurement by CIE L*a*b* spectrocolorimetry

Data from colour measurements of amber samples were expressg) the CIE
L*a*b* colour system.

In appendix A — subsection A.1, the changes in colour components Eth€i.e.

index related to the difference between CIE L*a*b* parameters of ansageple and

an unaged one; Johnston-Feller, 2001) and the comparison between pre-adeing a
post-ageing appearance of prisms and pellets surfaces, in afjeimg conditions, are
illustrated.

These results are summarised in table 4.1.

Table 4.1 Changes in colour of amber samples during the accelerated ageing

Ageing Size Description

Thermal-ageing Prisms  Outcomes were different depending on the
microclimatic condition: in conditions 1 and 3,
characterized by dry environment, lightening and
yellowing of the samples were detected; in conditions 5
and 6, respectively characterized by acidic and alkaline
pH values, the samples became less yellow; no relevant
changes were detected in conditions 2 and 4,
respectively humid and hypoxic

Powder Samples showed a general darkening, yellowing and
slight reddening

Photo-ageing Prisms  Samples showed a general lightening and yellowing

Powder The general trend consisted of a slight yellowing, but it
is important to note that only a thin external layer of
each powder sample was actually exposed to the light;
even if, during the preparation of each pellet for the
colour measurement, it was carefully selected the
powder from that external layer, some non-exposed
powder was also present in the mixture, affecting the
final colour

In most of the instances results showed colour change during aligingning and
yellowing were the most frequent effects on prisms, while damgeand yellowing
were the most common results about powder. Therefore, it wagstadghat the
surface area to volume ratio had a role in the change of colour.
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Analyzing the distribution of the E,, indexes related to the different experimental
conditions, a high concentration of values in a range between 8 and 18 (that sagnifies
considerable change of colour; Johnston-Feller, 2001) was observediebutases

lay out of that interval, as showed in figure 4.2.

The biggest colour changes (highe&t,values) were related to thermal-aged powder
samples in low relative humidity conditions; the lowest ones wssecated to
photo-aged powder samples (because of the reduced exposure) and tmdhe bl
samples.

Eab

E.p distribution

30.00

Thermal-ageing - Powder -
dry internal atmosphere
2500 1 (normal and hypoxic)
20.00 -
® 9
° [ ]
15.00 [ ) P )
) o ® Average
[
10.00 e o © ¢ L
5.00 - _ . o ’. .
Thermal-ageing - Prisms - ' Photo-ageing - Powder
humid, pH 5.5 °® ( ] (except hypoxic atmosphere)
0.00 and blind samples

Figure 4.2 Scatter plot representing the distribution of th&,values related to the
different experimental conditions.

It was possible to conclude that regarding the change in colour, factorssssintieae
area to volume ratio and relative humidity had a more importdatthan ageing
agents such as heat and light, since samples of the sansb®mized similar changes
independently on the kind of ageing. Low relative humidity conditions frequentl
produced the biggest changes.

4.1.3 ATR-FTIR spectroscopy

To determine degradation of amber samples during the accelagset), levels of
oxidation were evaluated measuring the ratio between absorbales v C=0
(carbonyl group) and C-H infrared bands.

In appendix A — subsection A.2, the carbonyl group absorbance changes in prisms and
powder, in all the ageing conditions, are illustrated.

These results are summarised in table 4.2 and showed in figure 4.3.
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Table 4.2 Changes in carbonyl group absorbance in amber samples during the
accelerated ageing

Ageing Size Description

Thermal-ageing Prisms  Outcomes mainly showed stability or decrease in
absorbance of C=0 groups; these observations contrast
with previously published works (Shashoua et al.,
2005), where the results always indicate an increase in
the concentration of carbonyl groups

Powder Samples showed a general thermal-oxidation, indicated
by the increase in absorbance of C=0 groups; a
decrease in the concentration of the same groups was
detected only in condition 6 (alkaline environment)

Photo-ageing Prisms  Almost all the samples showed a strong increasht(slig
for blind samples) in absorbance of C=0O groups,
indicating an intense photo-oxidative activity; this result
contrasts with previously published works (Williams et
al.,, 1990), where exposure of amber specimens to
visible light is reported to give no appreciable
spectroscopic change

Powder The general trend consisted of a slight increase (absent
in blind samples) in absorbance of C=0 groups, but this
probably depended on the reduced exposure to light; a
decrease in the concentration of the same groups was
detected only in condition 6 (alkaline environment)

It was possible to conclude that in most of the occurrences, diperiaphoto-
ageing, the increase in the concentration of carbonyl groups, lieEted to the
formation of carboxylic acids, was observed. These results shoaethéhextent of
oxidation after ageing was higher to that of unaged amber, comdrthat the
presence of oxygen is a relevant degradation factor.

Exceptional cases showing different trends (e.g. alkaline conditierg considered
for further investigations.

Spectra related to photo-aged prisms also showed extrenmehg sbxidation in
relation to other spectroscopic features, e.g. the intense sldpe Baltic shoulder
and the complete loss of the band at 888 + T.cm

It is important to note that oxidative processes were alsotddtatsamples exposed
to hypoxic atmosphere during ageing. These results suggested ebenqe of
incoming air in flasks which should have been perfectly airtight.

In several cases, during the analysis of the ATR-FTIR spemt&,spectroscopic
feature drew the attention: the peak at 1730" ¢elated to C=0O groups of esters,
present in all the spectra of unaged samples, showed a splitting ipeaks and a
following shift to 1715 crit during ageing (figure 4.4);

This occurrence suggested the possibility of hydrolytic prosetiseng ageing and it
was considered for further investigations.
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Figure 4.3 Comparison between most representative ATR-FTIR spectegexf amber
samples.
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Figure 4.4 Splitting and following shift from 1730 to 1715 ¢rof the peak related to
C=0 groups of esters and acids during ageing.

4.1.4 FT-Raman spectroscopy

To determine degradation of amber samples during the acceleageidg, the
breakdown/formation of C=C (olefinic) bonds was evaluated measunmgaitio
between intensity values of C=C and C-H infrared bands.

In appendix A — subsection A.3, the olefinic bonds intensity chamgpssms and
powder, in all the ageing conditions, are illustrated.

These results are summarised in table 4.3 and showed in figure 4.5.

Table 4.3 Changes in olefinic bonds intensity in amber samples during the
accelerated ageing

Ageing Size Description

Thermal-ageing Prisms  Outcomes mainly showed stability in intensity of C=C
bonds

Powder Samples showed a general formation of C=C bonds,
indicated by the increase in intensity of the related band

Photo-ageing Prisms  Samples (except blind samples) showed a general
breakdown of C=C bonds, indicated by the slight
decrease in intensity of the related band

Powder The general trend was very similar to the one dedcribe
for photo-aged prisms
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Figure 4.5 Comparison between most representative FT-Raman spectra of aged anpibes.sa
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It was possible to conclude that the results about the concentratiomsaturated
carbon-carbon bonds were strictly depending on the kind of ageing: leea¢dsdo
generate the formation of C=C bonds, while light seemed to ¢haskss of the

same bonds. In similar works (Clifford et al., 1995; Moreno et al.0286ashoua,

2002; Shashoua et al., 2005) the loss in C=C groups appeared the most common
effect of maturation or ageing of amber.

Further more, the peak around 1646 ‘cnwhich was used to evaluate the
concentration of olefinic bonds, is actually related to C=C bondsnmrtal position
(Beck et al., 1965). It is possible that the thermal-ageing caudegolymerisation of
the amber structure with formation of terminal unsaturated carédoe bonds in
position 14-15, while the photo-ageing, which already appeared a meiresent
oxidative process as shown by ATR-FTIR spectroscopy results, threvaechanism
to a further step, represented by the breakdown of the same dhomds a reaction
with oxygen (figure 4.6). Oxygen was likely also involved in the depefisation
mechanism, since pure breakdown processes occur only in an ime$paere
(Feller, 1994; Rabek, 1996; Rabek, 2007). Such a condition was theoreticadlgtpres
during this experiment, but in fact it was absent because otigposed lack of air-
tightness of the flasks.

=0

|

OH
Polylabdanoid Monomer of labdanoid Oxidised monomer of
(class la) diterpene labdanoid diterpene

Thermal-ageing

>

Photo-ageing

Figure 4.6 Different steps in the degradation process due to thermalgage
(depolymerisation) and photo-ageing (depolymerisation and oxidation).

Regarding the comparison between FT-Raman and ATR-FTIRrgpeapies results,
the detected level of degradation by the two techniques on the aampkes appeared
different. This may be because FT-Raman spectroscopy analgsgies at a depth
of the order of few millimetres, while ATR-FTIR spectroscopy exedisurfaces at a
depth of the order of few micrometres.

In sum, it was thought that the detection of C=0 groups and C=C greppadkd on
a combination of factors related to the type of ageing and topihleed analytical
technique. This hypothesis is illustrated in figure 4.7.
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Figure 4.7. Correlation between the analytical results obtained bytrgiseopic
techniques and the type of accelerated ageing.

It was also thought that other chemical processes involved irothration of new
C=C bonds were the isomerisation and the aromatisation of aggjions in the
terpenoid components of amber (Anderson, 2001; Matuszewska et al., 2001), but
was not possible to obtain any evidence about the possibility of pies®mena by
the analytical techniques which were employed during this experiment.

About a possible correlation between formation of new C=C and colougehtre
comparison between data from FT-Raman analyses and colour meassrdideiot
show a clear association, so new studies were necessary.

4.1.5 Oxygen measurement by optical respirometry

Among the employed analytical techniques, only the oxygen measntg, based on

the use of optical oxygen sensor-spots, did not give reliable reduksto two

technical problems:

- flasks were not perfectly airtight, so that a continuous exchahggygen with
the external atmosphere occurred during the artificial ageing.cbmclusion was
achieved after the observation of the measurements related toesamgeld in
condition 4 (hypoxic atmosphere), which, in contrast with the expectations
always showed high concentrations of oxygen during ageing. Consequently, it was
necessary to find a solution to make the flasks completelyhdidigring further
experiments;
many optical oxygensensor-spotsvere detached during the artificial ageing,
making the following analyses not possible. Since Paraloid B72 appeared
unsuitable as adhesive for the sensor-spots, especially it acidialkaline pH
conditions, it was necessary to identify a more appropriatetgluse for further
investigations.

4.1.6 SPME-GC-MS headspace analysis

Volatile compounds in the headspace of amber powder samples werbealdand
analysed before and after the artificial accelerated ageing procedures

It was possible to detect a considerable release of formia@etit acid vapours from
all the amber samples (figure 4.8).
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Formic
Acetic acid

acid

Figure 4.8 Example of chromatogram obtained by GC-MS analysis of ledati
released by Baltic amber. Presence of acetic and formds a@s detected in all the
aged samples; the other peaks are related to previously studiete vadatpounds
(Mosini et al., 1980; Mills et al., 1984), including aromatic hydrocartk{opsienes)
and monoterpenoids (borneol, camphor, fenchyl alcohol and fenchone).

It is important to note that this analysis was only qualtatind not quantitative,
since a quantification method requires a long calibration proceduriecd out with

the use of standards and this procedure was not performed during the present work.
Regarding the unaged powder samples, the mean detected resporsami(s) of
formic acid and acetic acid were respectively 23340 and 12300.

About the thermal-aged samples, results are showed in figure 4.9erGimgcthe
photo-aged samples, results were incomplete due to difficultieciol the powder
aged in humid microclimates, therefore they are not showed.

Detector response (counts)

Thermal-ageing - Powder

18000 — 696920 + 327512
16000 :|:

14000 -

12000 -

10000 - O Acetic acid
B Formic acid

8000

6000

4000 -

2000 -
0l Lli_i

Blank Open air Humid Dry Hypoxic pH 4 pH 10

Microclimatic conditions

Figure 4.9 Detection of acetic and formic acid vapours in the headspaberofal-
aged powder samples.
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A possible correlation between the intensity of off-gassing aadettvironmental
conditions was not clear. Results related to condition 4 (hypoxic phaos were
out of the average, but they were not considered reliable becatise odnfirmed
lack of air-tightness of the flasks. The intense detection ofcaaeid vapours in
samples aged in condition 5 was due to the use of acetic acicedte acidic
microclimate.

The detection of acidic vapours was a new important finding foricBalhber.

Additional experiments, based on the Oddy test’s principle, weredaut in order
to verify the actual release of those acidic gasses.

The Oddy test is habitually used in many museums to evalbatsuitability of

materials, which may release corrosive gasses, for use indpkydior storage of
objects containing certain metals (Oddy, 1973; Oddy, 1975).

During this test, 3 amber prisms and 3 amber powder samples &thy were

selected; each sample was placed inside a wide neck 100 mL 8ibbyr Pyrex

glass flask with polypropylene cap and silicon gasket (baked d@OatC for 4 days

before use to remove impurities), together with a coupon of cleaaddahd a small
glass flask containing some water to create high humidity analct¢elerate the
possible corrosion (amber, lead and glass container were not in castattown in
figure 4.10). Samples were then subjected to accelerated theyeialy using the
same oven and operative settings described in paragraph 3.3. Afteg, dgeiextent
of corrosion on the metal coupons was visible as white lead, espamathe ones
aged in presence of amber powder (figure 4.11). This was an evideramadiof

vapours off-gassing.

The identification of white lead was performed both by a quiaigapot test (adding

solutions of HNQ 4 M and Kl 0.1 M; Odegaard et al., 2000) and by ATR-FTIR,

giving basic lead carbonate as result. A reference coupon atfeguwe acetic acid
produced lead acetate.
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Figure 4.1Q Experimental storage used for the Oddy test on lead in presence of Baltic
amber.

N
3

Figure 4.11 Production of basic lead carbonate on lead coupons after Oddg test
presence of Baltic amber.

The release of formic and acetic acids by amber was littedyresult of radical
reactions, which involved cleavage of C=C bonds in terminal position, dtleto
oxidative processes discussed with the results from the spegiosnalyses (figure
4.12). Such a process, which can be classified as decomposition (AIGS),
requires the action of some initiators, which in the composition dfcBainber are
represented by free radicals (Urbki, 1971). This idea was suggested by the
improbability to obtain the mentioned acids through other ways, suchdaslytic
processes, since there are not formic and acetic esters aortigosition of Baltic
amber (Beck et al., 1965; Mills et al., 1984; Anderson et al., 1992).tapis was
considered for further investigations.
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Figure 4.12 Hypothesis of decomposition that produced formic acid through the
cleavage of C=C terminal bonds due to oxidation.

4.1.7 C-H-N analysis
The elemental analysis, to detect the variations of the conteatlwdn, hydrogen and

nitrogen in the amber material during the artificial agewas performed on raw and
archaeological material. Results are showed in figure 4.13.
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Figure 4.13 Variations of the concentration of carbon and hydrogen (content of
nitrogen was irrelevant) in raw Baltic amber samples dumgaing. Results related to
an archaeological fragment were comparable to the values containeded thal.
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During ageing of amber samples, a significant decrease of ceoboentration and a

substantial stability of hydrogen concentration were observed.

The detected concentrations matched with previously establishethation (Ross,

1998).

The results related to the analysis of a fragment from ah@w3sands of years old
archaeological sample showed an elemental composition compacalthe tone
obtained by a moderately short artificial ageing period (35 daysjgesting a fair

physico-chemical stability of the buried condition.

4.1.8 Micro-ATR-FTIR cross sections analysis

The analysis of cross sections obtained from amber prismsesi@srped in order to
get information about the development of oxidation in relation to thandistfrom

the surface. Results are showed in figure 4.14.
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Figure 4.14 Development of the oxidation in Baltic amber prisms crossosecht

different levels of ageing.

The detected levels of oxidation showed, especially on the surbhdd® amber
samples, too low repeatability (as remarked by the erroribale graph) to reach
consistent conclusions. In any case, this lack of repeatabililgeseé reduce with
distance from the surface, showing similar oxidation stages imtial part of the

samples independently on the ageing periods.
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This might confirm that oxidation of amber occurs initially oatythe surface, since
oxygen is slow to diffuse through the dense material (Shashoua @0@5), but
further investigations were necessary to provide evidence.

4.1.9 Confocal profilometry

Non-contact topographic analyses were performed on the surfaaeder prisms, in
order to obtain information about possible changes in the roughness duegeitite a
Results are showed in figure 4.15.
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Figure 4.15 Changes in roughness and height parameters on Baltic amber prisms
surfaces during ageing.

During ageing of amber samples, a significant increase dieabtandard parameters
used to evaluate roughness was observed.

It is supposable that the increasing superficial roughnessiweaso the breaking of
structural bonds involved in the depolymerisation of the material, wisioked the
fragmentation of the surface (surface brittleness, crazingpawdering; Thickett et
al., 1995; King, 2006).




4.2 Preliminary assessments.

From the interpretation of the achieved data it was possibleritifida few relations
between amber and environmental factors during the degradation procssm, a
number of assessments were drawn and they are listed in table 4.4.

Table 4.4 Preliminary assessments in relation of different aspetts tife initial
experimental phase

Aspect

Assessment

Ageing

Size

Microclimatic
condition

Degradation
pathway

Photo-ageing resulted in considerably more degradation than
thermal-ageing. This photo-degrading activity was pointed out by
the intense detection of photo-oxidation effects, i.e. the increase i
concentration of C=0O groups, the intense slope of the Baltic
shoulder and the complete loss of the band at 888 + % cm
Consequently light was excluded from further investigations,
because it was evidently involved in the degradation of amber

Powder appeared more sensitive to degradation than prisms, as
shown by the chemical changes in thermal-aged samples, i.e.

increase in concentration of C=C and C=0 groups. Thus, it was

clearly visible that the surface area to volume ratio had arrdlee

rate of degradation

Low relative humidity seemed to intensify degradation of amber, as
showed by the considerable change in colour of powder samples
aged in dry conditions

Acidic and alkaline pH environments generated the most intense
visible changes, such as deterioration of prisms surfaces and
cohesion of powder particles. Further more, regarding the formation
of C=0 groups, alkaline condition results appeared in contrast with
the results obtained from other conditions, showing a decrease in
concentration of carbonyl groups. This could mean that the alkaline
environment caused a different pathway of degradation in the
material, therefore more studies were necessary

Depolymerisation processes were detected by FT-Raman
spectroscopy as formation of C=C terminal bonds, especially in
thermal-aged samples. Since depolymerisation was likely based on
thermal-oxidative reactions, heat and oxygen were believed to be
significant degradation agents

As oxidative processes were detected by different techniqud?-(AT
FTIR spectroscopy as formation of C=O groups, FT-Raman
spectroscopy as breakdown of C=C groups after photo-ageing, GC-
MS as production of volatile organic acids) and in most of the
ageing conditions, oxygen appeared to be one of the main
degradation agents
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Due to the unsettled points risen during this preliminary investiggpossibility of
hydrolytic processes, lack of oxygen measurements, doubts about riegidor of
acidic gasses, oxidation as surface phenomenon), it was decidededb rsawv
experimental conditions to apply for a second ageing experimehtiivétpurpose to
identify the mechanisms by which amber degrades.
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5.ADVANCED INVESTIGATION -
MATERIALS AND METHODS.

5.1 Experiment design.

To design the advanced investigation, a few issues that emerged deng
prellmlnary investigation were considered. In details:
visual examination, spectrocolorimetry, ATR-FTIR and FT-Ramarnyses of
amber prisms showed, in general, less repeatability in thesesupared to the
powder; the reason was due to the differences, even if small, fiem @ prism
and also from different areas on the same prism;
free powder appeared unsuitable for some analyses, such a®agedmetry
and FT-Raman spectroscopy, because of the high radiation-scattatised by
the particles; to perform the planned analyses, powder sampledsohbd
transformed in pellets during the different ageing steps;
analytical results related to the two forms of samples gangarative problems
that made the achievement of common conclusions very difficult.
After these considerations, some pilot tests were performddcide whether it was
appropriate to work directly with pellets obtained from pressed apdveder, instead
of prisms and free powder, during the setting-up of the seconttiattdgeing and
the following progress of analyses.

The pilot tests were performed following this procedure:
nine unaged prisms, 9 small quantities (around 2 mg) of unaged powder and 9
unaged pellets were analysed by ATR-FTIR spectroscopy usingsdhe
instrument, operative settings and procedure described in paragraphe8same
guidelines used for the prisms were applied also to the pellets;
all the samples (prisms, pellets and around 1 g of unaged powderplaesd in
open containers (glass Petri dishes) and subjected to acatldratmal-ageing
using the same oven and operative settings described in paragraph 3.3;
at the end of the ageing all the samples were reanalysedT®RFTIR
spectroscopy;
for each type of samples, the absorbance values of 5 diffessrs bwere
collected and averaged; then, the related standard errors were cotogaaed an
idea about the repeatability of the method on the different typsamples, as
showed in figure 5.1.
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Figure 5.1 Comparison between the standard errors related to repeatedFARR
measurements on different kinds of amber samples.

Analysing the results illustrated in figure 5.1, it is possiblestate that among the
unaged objects, prisms showed the lowest repeatability (highestasiaerrors)
compared to powder and pellets which gave a similar ang faigh repeatability;
among the aged objects, powder showed the lowest repeatability eomparisms
and, especially, pellets which showed a very high repeatability.eqoastly, pellets
were the only kind of sample that gave high repeatability in both dnageé aged
conditions.

To take a final decision, it was necessary to investigateirther aspect: the
comparability between the analytical results from the peHlets the results from
prisms and powder samples, in order to ensure the continuity betweepretiminary

and the advanced experimental phases.

To check this factor, for each kind of samples the averaged absorzdneaelated

to the band at 1735 - 1700 ¢mvas ratioed against the value related to the band at
1450 + 20 crit, as already made to evaluate the oxidation of the samples dueing
preliminary investigation.

65




Abs. C=0/ Abs. CH ,

1.80

1.60 T

1.40 T T T

1.20

1.00

0.80

0.60

0.40

0.20

0.00 T T

Unaged prisms Unaged Unaged pellets Aged prisms  Aged powder  Aged pellets
powder

Ratio

Sample type

Figure 5.2 Comparison between the oxidation trends related to different kinds of
amber samples.

Analysing the outcomes showed in figure 5.2, it is possible to statehe results
used to evaluate the oxidation of amber pellets are comparabléheitesults related
to prisms and powder. Consequently, the connection between the prefiammaathe

advanced experimental phase is confirmed.

After the excellent outcomes in terms of analytical refigtia and comparability
with the previous data, amber pellets were finally seleakedample form for the
advanced investigation.

It is useful to summarize the numerous advantages related to this new method:
greater repeatability on spectrometric analysepellets resulted in much more
homogeneous results than prisms (which needed a group of 3 averagedsanalyse
each) because they come from a homogeneous system that is povttat, e
analysis on each sample was enough; moreover, the surface oflldis e
extremely flat, so there was no problem related to impofexthat created poor
contact with the ATR accessory affecting the results; intatdiworking with
only one size gave less comparative problems than with two. Al thévantages
allowed prolonging the time of each analysis in order to get amalpsignal to
noise ratio and, as a result, more resolved spectra;
greater suitability— pellets appeared appropriate for all the employed analytical
techniques (except SPME-GC-MS, as it will be discussed ¢atgrno further
adaptation of the samples was necessary;
complementary informatior pressed pellets are objects with qualities between
the ones of prisms and powder. These two sizes were akgadyned during the
preliminary investigation, while the pellet size could give maf@rmation, which
were anyhow related to the previous results. Therefore the adivenvestigation
was not a repetition of the previous one, but an extension;
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faster and less wasteful preparation of sampldake preparation phase consisted
only of powdering and pressing, no cutting. Cutting was actually &t trme
consuming and wasteful process.

Amber pellets were used for all the employed analytical tgciesi except SPME-
GC-MS, since for this method it was necessary to work wittuehnsmaller amount
of material (between 10 and 30 mg).
Tests were carried out to identify the most appropriate foramdfer samples to use
for this kind of analysis. It was decided to compare the outcomatedeto three

different shapes:

powder (10 mg), that was already employed during the preliminary invéstigat
fragments (approximately 10 mg) obtained through the use of a scalpel;
micro-slices (approximately 9 x 5 x 1 mm) obtained from a &mber prisms
using a Buehler Isomet low speed electrical saw, cooled vwB&b avater solution
of Struers Additive for Cooling Fluid.
Nine samples (three samples belonging to each one of the thegmress) were
analysed through SPME-GC-MS, using the same instrument, opesativegs and
method described in paragraph 3.4. The averaged results showed thabsthe m
considerable response related to released acidic vapours wasdlateitte powder

samples (figure 5.3).

Detector response (counts)

23720000 46683333
2000000

1800000 -
1600000

1400000 -
1200000

1000000 -
800000 -
600000 -

400000
200000 -

0
Powder

Fragments

Sample type

@ Acetic acid
W Formic acid

Micro-slices

Figure 5.3 Relative responses related to acetic acid and formic apalvsdetected
by SPME-GC-MS analysis from different kinds of amber samples.
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Despite the result, the powder shape was discarded, since inaohdhng storage
conditions employed during the ageing (the ones where the samp&eswersed in
a liquid environment, as it will be illustrated in the followingrggraph) it would
have been complicated to collect the powder for the analyses.

Fragments and micro-slices gave similar results in tesfndetection of volatile
compounds (not in terms of relative responses, but this was not codsidereblem
since the analytical purpose was qualitative and not quantitatieg)ira the end, it
was decided to use the micro-slices, because of the more pregisaf production
and the higher surface potentially exposed to the degradation agents.

1 mmr

Figure 5.4 Amber micro-slice.

5.2 Preparation, ageing and examination of amber saples.

Seventy amber pellets were prepared using the same hydoeesie and procedure
described in paragraph 3.4, and 70 amber micro-slices were preparethessagne
electrical saw and procedure described in paragraph 5.1.

Samples were placed inside wide neck 100 mL Bibby-SteriliexPgiass flasks with
polypropylene cap and silicon gasket (baked out at @or 4 days before use to
remove impurities). Samples were then subjected to accelehmianal-ageing using
the same oven and operative settings described in paragraph 3.3.

During this advanced investigation, the relative humidity inside flhgks was
constantly checked through the use of Indicator Strips 7 Spots frencampany
Long Life for Art.

For this accelerated ageing procedure, samples were exposdd wifferent
microclimates (table 5.1), relevant to burial, storage, use and yispialitions, in
order to clarify the role of different environmental parameteetatfjve humidity,
presence of oxygen, pH) on the degradation of amber. For each miatoxlim
condition, three samples were exposed.

Two types of storage were required (see details in figofes-b), depending on the
placing of the samples: exposed to the atmosphere or immersediqaid. All
materials used were selected for their high physical-chemical stabili
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Table 5.1 Microclimatic conditions used for the accelerated thermeiragof amber
samples

Microclimatic condition How achieved

20% RH, sample exposed to external

atmosphere (open air) Using open containers

100% RH, sample exposed to internal Placing deionised water inside closed

2 atmosphere, pH 5.5 containers
3 100% RH, sample immersed in liquid, Placing deionised water inside closed
pH 5.5 containers
4 20% RH, sample exposed to internal Placing silica gel inside closed
atmosphere containers
. Placing silica gel and an oxygen
0
5 20./0 RH, sample exposed to internal absorber (Ageless®yinside closed
anoxic atmosphere .
containers
6 100% RH, sample exposed to internal Placing buffer pH 3inside closed
atmosphere, pH 3 containers
" 100% RH, sample immersed in liquid, Placing buffer pH 3 inside closed
pH 3 containers
8 100% RH, sample exposed to internal Placing buffer pH Sinside closed
atmosphere, pH 5 containers
9 100% RH, sample immersed in liquid, Placing buffer pH 5 inside closed
pH 5 containers
10 100% RH, sample exposed to internal Placing buffer pH 19inside closed
atmosphere, pH 10 containers
11 100% RH, sample immersed in liquid, Placing buffer pH 10 inside closed

pH 10 containers

dGrattan et al., 1994.

®Commercial solution of citric acid, NaOH and HGrin Merck.
“Commercial solution of citric acid and NaOH from fdie
dCommercial solution of boric acid, KCl and NaOHrfrderck.
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Thermal ageing of samples exposed to

atmosphere
RH
Internal indicator
glass strip
container A
for
atmosphere /?,r;?eetr =
F:ohtroller (300 mg) A
(liquid=13 mI;  N{ T
solid=5 g) Amber -slice
(~ 25 mg) E
R
Pyrex ——
container
(100 ml) o

Figure 5.5.a Experimental storage used for thermal ageing of amber sample
exposed to the atmosphere.

Thermal ageing of immersed samples

RH
indicator
strip
H
Amber
pellet E
(300 mq) A
; T
Pyrex __, Amber -slice
container (~ 25 mg) E
(100 ml)
R
Atmosphere
controller
(liquid=20 ml;
solid=5 g)

Figure 5.5.h Experimental storage used for thermal ageing of amber samples
immersed in the atmosphere controller.
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Samples were analysed regularly according to the samedaelsrand purposes that
were described concerning the preliminary investigation: visuamexation, CIE
L*a*b* spectrocolorimetry, ATR-FTIR spectroscopy, FT-Raman spscwpy,
optical respirometry and SPME-GC-MS headspace analysis.

To ensure the analysis of the same surfaces of the pellejstenerand with all the
analytical techniques, the edge of each pellet was marked bynargnt pen in order
to indicate the surface to analyse.

Surfaces of pellets were washed with deionised water befoheagalytical stage, in
order to remove possible residues that could affect the reliability of tHesresu

For all the techniques, the same instruments, operative settidggrocedures used

for the analyses of amber powder (or amber pellets wheresihe@essary) during the

preliminary investigation, were also used during the advanced iragsitigwith only

two exceptions regarding ATR-FTIR spectroscopy and optical respirometry:
ATR-FTIR spectroscopy — to improve the quality of the resi®, solutions
were applied:

the employed number of scans was 64 instead of 4, in order to obtan mor

resolved spectra;
as additional parameter to quantify levels of degradation drtiieer samples
during the accelerated ageing, the splitting and the consequentanift 730

cm™ to 1715 cnt of the infrared peak related to the C=O groups was used to

evaluate the hydrolysis of esters into acids.
Optical respirometry — to get reliable results, three soluticere wsed to fix the
problems risen during the preliminary investigation:
Pyrex flasks were made perfectly airtight placing a diéclaminated
aluminium foil from Preservation Equipment Ltd, which is normallydutse
production of airtight bags, between the screw top and the neckloflask
(figure 5.6). Blank tests were performed on three closed flabkd fwvith
atmospheric air (to check any possible consumption of oxygen ligithand
on three flushed with nitrogen (to check any gases exchange withténead
atmosphere); the flasks were subjected to thermal treatmerg e same

oven and operative settings described in paragraph 3.3, for one week. The

results obtained from these tests confirmed the suitabilityhef method
(figure 5.7);

to avoid detachments of optical oxygen sensor-spots, more resistent gl
(cellulose nitrate) was employed;

two control samples (one closed Pyrex flask filled with atmosplaer and
one flushed with nitrogen) were used during the accelerated ageorger to

monitor the stability of the system (no consumption of oxygen by the

experimental material and no gases exchange with the external atredspher
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Figure 5.6 Laminated aluminium foll
inserted in the screw top of a Pyrex
flask.

Oxygen (% air saturation)

Optical respirometry - blank test

120 )

100

80

=Om== Air

60
== Nitrogen

40

20
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Figure 5.7. Oxygen concentration trend in airtight Pyrex flasks filled with
atmospheric air and nitrogen during thermal treatment tesh. ekdted to the flasks
filled with atmospheric air showed that there was no consumptionygfeoxtaking
place (the slight increase of the oxygen concentration could beoceithér a small
difference in temperature or a difference in the air pressbega related to the flasks
flushed with nitrogen indicated that the system was effectively tight.

Regarding the frequency of the analyses, all the measuremergperformed before
the ageing, after 11 days of ageing, after 23 days ohggand after 35 days of
ageing, but not all the samples were analysed every timeisTiiisstrated in figure
5.8.
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Analytical steps
during the thermal- Samples in use for each microclimatic condition
ageing

Characterization

(before ageing) Sample 1 Sample 2 Sample 3
1% analysis

(after 11 days) 4

2" analysis

(after 23 days) v v

3 analysis

(after 35 days) v v v

Figure 5.8 Analyses planning during the accelerated thermal-ageingmifera
samples.

The purpose to keep some of the samples in the oven during the ahakgps was
to check if the interruption of the ageing for one or two days coulkkctathe
degradation process.

To summarize the design of the advanced investigation, most ahftvenation
previously described are illustrated in table 5.2.

Table 5.2 Ageing experiment design. Unless it is indicated otherwisd eantainer
held one sample. The different analytical groups are defineddiegdo table 3.6 in
paragraph 3.4

Open Pyrex flask.

Closed Pyrex flask.
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5.3 Additional analyses.

Also during the advanced investigation it was decided to run a fewicawddlit

analyses:

- Micro-ATR-FTIR cross sections analysisanalysis of cross sections obtained
from amber pellets, in order to get information about the developroknt
degradation in relation to the distance from the surfaces. The punassdo
confirm degradation as a surface phenomenon;

Confocal profilometry- non-contact topographic analysis of the surface of amber
pellets in order to obtain information about any potential changée irotighness
due to the ageing;

ATR-FTIR analysis of archaeological materialanalysis performed on a few
deaccessioned archaeological Baltic amber objects (Neolittidsbéound in
Skanderborg -Denmark-, dated 3-2 thousands of years BCE) in ordampae
their degradation state with the data obtained from the experiroantise raw
material.

In all the cases the experimental design was different fhemone described in the

previous paragraphs and consisted of the following procedures.

5.3.1 Micro-ATR-FTIR cross sections analyarsd_Confocal profilometry

These analyses were performed following exactly the sanmeeguoes described in
paragraph 3.6, with the only difference that pellets were used instead of prisms.

Regarding the frequency of the analyses, measurements wéyemgel before the
ageing, after 35 days of ageing and after 70 days of ageing, ifjjdhve analyses
planning illustrated in figure 3.19 (paragraph 3.6).

5.3.2 ATR-FTIR analysis of archaeological material
sampling— three small fragments (around 2 mg each) of each amber olgjext
removed by the use of a scalpel from the external surface.arhe sampling
procedure was repeated on the internal part of each object;
analysis— ATR-FTIR spectra were collected using a Perkin Elmectgpa One
FTIR spectrometer (details and operative settings have wltesah described in
paragraph 3.1). After the acquisition of an air-background, each déragmwas
placed on the reflection accessory and consequently analysed;
guantification of degradation— to quantify levels of degradation of the amber
samples, the oxidation of the molecular structure was used aras itaiculated
on the base of relative absorbance values of the infrared ba@85t 1700 ci
(related to C=0 groups of esters and acids). Absorbance values band were
ratioed against a band at 1450 + 20'qrelated to C-H bonds of >GHand -CH
groups), as already made during the experiments on the rawiahdéaximum
heights of the two bands of interest were determined on raw absorzectea
without manipulations or baseline corrections.
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6. ADVANCED INVESTIGATION -
RESULTS AND DISCUSSION.

In this chapter, the results related to the different analytregthods which were
employed during the advanced investigation are presented.

During the description of the results, each microclimatic candits cited with the
respective number (according to table 5.1 in paragraph 5.2), with additional comments
to remind the reader about the main characteristic.

6.1 Analysis and interpretation of achieved data.

6.1.1 Visual examination by naked eye and photography

Amber pellets were regularly observed and photographed during tifieiadrt
accelerated ageing procedures.

Pictures of pellets are showed together with the colour measnterasults in
appendix A — subsection A.1, to illustrate the correlation between angeaasnd CIE
L*a*b* parameters.

Visible changes in the appearance of the pellets were obseasloblour alterations
on all the aged samples. Slight colour changes occurred in condition &ctehiaed
by the exposure of the samples to anoxic atmosphere, suggestitegiaraleve role
of the oxygen.

In condition 11, characterised by the immersion of the samplesafing solution,
the surfaces of the pellets showed, further than a insignificanggeha colour, the
presence of cracks, indicating a probable loss of material. Complaisngsult to the
ones obtained during the preliminary investigation, it was confirthetdacidic and
alkaline pH conditions could cause visible structural damages.

No physical damage, such as cracking, was observed on samplesnaded
conditions.

6.1.2 Colour measurement by CIE L*a*b* spectrocolorimetry

Data from colour measurements of amber samples were expressg) the CIE
L*a*b* colour system.

In appendix A — subsection A.1, the changes in colour componentsEthendex
and the comparison between pre-ageing and post-ageing appearapedtets
surfaces, in all the ageing conditions, are illustrated.

Results, in all the instances, showed colour change resulting ienitagk reddening
and yellowing of the samples, except for samples aged in conditiqalkdline
environment) which only showed a slight yellowing.

The lowest colour changes, in terms d;,, index, occurred in conditions 5 and 11,
respectively characterised by anoxic and alkaline environment (figure 6.1).
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Figure 6.1 Scatter plot representing the distribution of th&,values related to the
different experimental conditions.

Comparing the results to the ones obtained during the preliminaggtigation, the
changes in colour appeared more related to factors such ascprederxygen and
pH, than relative humidity. It is important to recall the lacldafa regarding anoxic
conditions from the preliminary investigation.

In conclusion, the absence of oxygen appeared the most importanttéapteserve

the original colour of amber samples, as indicated by the CIE E*d#ta; the
immersion in alkaline solution also caused slight changes, but it was not consglered a
advisable preservation method, since, as shown by visual examinaticen)siéd
physical damages.

6.1.3 ATR-FTIR spectroscopy

To determine degradation of amber pellets during the accsleeaeing, levels of
oxidation were evaluated measuring the ratio between absorbales v C=0
(carbonyl group) and C-H infrared bands; in order to assess thelysidrof esters

into acids, changes in the shape of the C=0 infrared band were also considered.

In appendix A — subsection A.2, the carbonyl group absorbance changes in amber
pellets, in all the ageing conditions, are illustrated.

In all the occurrences where the samples were exposed to atmeospitrea normal
concentration of oxygen, it was possible to observe the increase in absorbanCe of C
groups during ageing; on the other hand, results related to sanhplesvere
immersed in liquid environment or exposed to anoxic atmosphere did notastyow
variation of the same band, or the variation was extremely small.
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Only in condition 11, characterised by the immersion of the samplakadine
solution, a strong decrease in absorbance of C=0 groups occurred (figure 6.2).

These results, together with the ones from the preliminary tiga¢isn, confirmed
the presence of oxygen as important degradation factor, sinttee amples which
were aged in atmosphere with normal concentration of oxygen shomedhahigher
increase in concentration of C=0 groups than the ones aged in hyporier§ed in
liquid, where the concentration of oxygen is lower than in the atmaspbeanoxic
(in absence of oxygen) conditions.

This outcome was a strong evidence of the progress of oxidaticdons during the
ageing. A reaction of this kind could involve the terminal C=C bonds dabdanoid
diterpene monomers, as discussed in paragraph 4.1.4, or it could alsottmuse
production of communic acid from communol; this reaction requires higpeature
(thermal-oxidation) or light (photo-oxidation) and proceeds in two phasésgg
communic aldehyde as intermediate product (Clayden et al., 2001):

Phase 1
R
| R
CH, + 150, ( orh ) | + H.O
| HC=0
OH
Phase 2
R
R I
| + 140, ( orh) C=0
HC=0 |
OH

It is possible to note the formation of C=0 bonds that was observa#A@ R-FTIR
analysis.

A decrease in the concentration of C=0 bonds was detected onlgmples
immersed in alkaline solution. This decrease was supposed to be diwgtteeastep
after the oxidation process, involving the formation of organic saltsin C=0
groups, which are formed by the reaction of the communic acid witlalkadine
buffer solution:

R R

| |

| |

O H' o X'

These organic salts, named communates, are soluble in water andueoitiye they
migrated from the material to the solution.
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The last consideration was verified analysing and identifying the residotsned in
the alkaline solution where the samples were immersed, by GC-MS.

To perform the extraction of these residues it was necessaaygidify 10 mL of
solution with 0.1 mL of HCI 4 M, then to extract the organic compoundsnigd@mL
of diethyl ether and using a separatory funnel. The ether extesctransferred to a
glass vial; after evaporation of the ether, 1 mL of diazometbalugion was added to
derivatise the acids (R-COOH + GMp R-COOCH + Nygas), allowing the
analysis of the components by GC-MS.

The analysis permitted the detection of a large amount of ditexpahde the same
test on the solutions belonging to the other microclimatic conditi@hsot give the
same result.

About the hydrolysis of esters into alcohols and carboxylic asfe;troscopic data
(splitting and consequent shift from 1730tto 1715 crit of the peak related to the
C=0 group) showed that this phenomenon occurred in all the ageing cosditi
except in the ones characterized by dry environment, since humittitys athe
hydrolysis process, and by alkaline environment, where hydrolgs@irs as
saponification, without acids formation. The characteristic estddaltic amber is
succinate ester and, in acidic and humid conditions (presence ofawai@rte acid),

it is hydrolysed into communol and succinic acid:

Acidic hydrolysis

R

I

CH, OH

I

O + C=0
| H) R |
C=0 humid | CH,
| + H,O CH; + |
CH, ary CH,
I O H I
CH, C=0
I I
C=0 OH

I

OH

In alkaline conditions the succinate ester is hydrolysed into communol and succinate
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Alkaline hydrolysis (saponification)

R

I

CH, o X'
I

O C=0
I R I
C=0 | CH2
| + X+ OH-(aq) CH2 + I
CH | CH,
I O H I
CH2 C=0
I I
C=0 QH

I

OH

The hydroxylic group underlined with the dashed line also reaits tive base,
forming a second OK* group.

The presence of the cation in the succinate product was detectad R TIR
spectroscopy, since a new infrared band around 155D appeared in the spectra
related to the samples aged in condition 11 (sample immersed in alkaline solution).

Additionally, it was decided to check the changes in two spectrosfagiires used

in previous works as oxidation indicator (Beck et al., 1965): the modditain the
slope of the Baltic shoulder at 1235 — 1175'and the changes in absorbance of the
band at 888 + 1 cthrelated to C-H bonds of terminal olefins. A slight increaséef t
Baltic shoulder’s slope was visible in almost all the ATRfEEpectra; the maximum
slope was observed in the spectra related to samples aged incroddfEample in
open container), indicating a strong oxidation, while the minimum, aligestical to
the one of unaged samples, was noticeable in the spectra of saggies condition
11 (sample immersed in alkaline solution). This last result \saspaobably related
to the migration of oxidised diterpenes in the alkaline solution.

Regarding the band at 888 + 1°tmmo relevant information was achieved, since no
significant correlation between decrease in absorbance of tidsapa microclimatic
conditions was observed.
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6.1.4 FT-Raman spectroscopy

To determine degradation of amber pellets during the acceleegjenhg, the
breakdown/formation of C=C (olefinic) bonds was evaluated measunmgaitio
between intensity values of C=C and C-H infrared bands.

In appendix A — subsection A.3, the olefinic bonds intensity changeshargellets,
in all the ageing conditions, are illustrated.

In all the cases the increase in intensity of C=C bonds wésctéd, with the
exceptions of condition 11 (sample immersed in alkaline solution), wtiere
variation resulted very small (figure 6.3).

Aged pellets

(general case)1450 + 20 crit
C-H

/

1650 — 1600 ci
C=C ——

Raman
Intensity

Aged pellets
(alkaline cond.)

3500 3000 2500 2000 1500 1000 500
Wavenumbers (ct)

Figure 6.3 Comparison between most representative FT-Raman spectra oarated
pellets.
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From the comparison of these data with the results achieved dbengédliminary
investigation, the formation of C=C bonds appeared to be the maict efier
thermal-ageing at 70 °C, confirming that in this ageing condition the
depolymerisation of the amber structure occurred, but the energyoivagih enough

to cause a further breakdown of the terminal unsaturated cardwomchbonds by
oxidation. The high level of oxidation detected by ATR-FTIR spectjg was
related either to other positions in the molecular structure (furadtgroup) or to a
lower depth of penetration of the infrared beam.

No significant correlation between the changes in intensitheof0=C band, detected
by FT-Raman spectroscopy, and variations in absorbance of théats$@e-H band

at 888 + 1 crl, detected by ATR-FTIR spectroscopy, was identified, since the
repeatability of results related to the latter band was ltmo to consider the
comparison quantitatively reliable.

Analysing the FT-Raman spectra carefully, during ageingag possible to note a
significant change in the shape of the band between 1650 and 1600etated to
C=C bonds. A shoulder appeared between 1640 and163Qatnower frequencies
compared to the peak corresponding to C=C terminal bonds) in akpietra
recorded after ageing (figure 6.4).

Termina——— &_ —>
/ C=C \

A

I Ageing Shoulder

—

1650 — 1600 1650 — 1600
cm? cm?

Figure 6.4 Change in the shape of the infrared band related to C=C bonds, dietecte
by FT-Raman spectroscopy.

The infrared region involved in this change is not related t&Ct@ terminal bonds,
consequently the changes were associated to unsaturated carbon-oanis in
other positions. It is supposable that this result was due to theteatoa of cyclic
regions in the terpenoid components (figure 6.5; Matuszewska et2G01;
Pipatmanomai et al., 2001), but it was not possible to achieveelwant evidence
during this work, since other analytical techniques, e.g. NMR speopgswould be
necessary.
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Figure 6.5 Hypothesis of aromatisation of Baltic amber chemical strucfire red
circle indicates the position where the aromatic ring could be formed.

Comparing the data from FT-Raman analyses and colour measurertients,
correlation between colour change and formation of new C=C double bonds
(Zollinger, 2003) appeared clearer.

The only two cases where it was observed both a not signiibanige of colour and

a small increase of C=C groups were represented by conditi@mples exposed to

dry and anoxic atmosphere) and condition 11 (sample immersed in akallitien).

In the first case the absence of oxygen could cause a reduction of the
depolymerisation process (Feller, 1994; Rabek, 1996; Rabek, 2007), in the second
one, as already confirmed by GC-MS analyses, a high condentit diterpenes
containing the C=C bonds were dissolved in the alkaline solution.

6.1.5 Oxygen measurement by optical respirometry

Oxygen concentration in the atmosphere of each experimental-emen@nment
was successfully measured by optical method during the mitidiccelerated ageing
procedure.

In appendix A — subsection A.4, the oxygen consumption trends in ambes,pelle
all the ageing conditions, are illustrated. Data related todh&ol samples confirmed
the reliability of the method.

In general, during the ageing it was possible to observendfisamt reduction of
oxygen percentage inside the flasks where samples were dxpostnosphere with
a normal concentration of oxygen. Results related to samplesd¢hatimmersed in
liquid environment showed a smaller decrease of oxygen concentration.
Obviously, only in condition 5, where samples were exposed to anoxicpteres
the concentration of oxygen resulted 0%. Results related to conditionatblés
immersed in alkaline solution) were incomplete, because of thehte¢at of two
sensor-spots during the last ageing stage, but, despite that, tbasteg trend of the
oxygen concentration was clearly deducible.
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From the comparison of these data with the results about C=0 grohiesetl by
ATR-FTIR spectroscopy, the direct relationship between oxygenuogsison and
oxidation development was recognised, since measurements by thenalytical
techniques indicated respectively higher oxygen consumption and higluatioxi
for samples which were aged in atmosphere with normal concentration of oxygen.

6.1.6 SPME-GC-MS headspace analysis

Volatile compounds in the headspace of amber powder samples vgerdarlse
adsorbed and analysed during the artificial accelerated ageing procedure.

In appendix A — subsection A.5, the acetic and formic acids offigggrends in
amber micro-slices, in all the ageing conditions, are illustrated.

It was possible to detect a considerable release of formiaesitt acids vapours
from all the amber samples; moreover, unlike the preliminary experimentadpires
the collected data were used to develop profiles to define variatidhe off-gassing
during the ageing.

Generally, irrelevant differences in the response of ralegssses were observed
during the different phases of the ageing.

Only in conditions 1 and 4, both characterized by the exposure of tiptesatm dry
atmosphere with normal concentration of oxygen, results showed dicsigni
increase of acids (especially formic) off-gassing.

Therefore, dry environment in presence of oxygen seemed to bel riedadehigher
release of acidic vapours, which are likely products of radezadtions. Reactions of
this kind occur in other materials, such as oils during dryinglgM1l966), so it is
possible that the same phenomenon happened in Baltic amber whelessarare
exposed to low relative humidity. The probable reaction that producedcfacia
was assumed during the preliminary investigation (paragraph 4.1.6); #m®ut
production of acetic acid, more study will be necessary, but ab®sgy, suggested
by Mills’ works on drying of oils (1966), might be the one illustrated in figure 6.6.

H;C—-C=0

+ 02 (initiator) + |
O [ ]

Figure 6.6 Hypothesis of decomposition that produced acetic acid through the
cleavage of C-C bonds due to oxidation.

The radicals which are produced by the reaction, might work asimgators for
other reactions of this type.

The described hypothesis requires further and more precise investigatiailslydms
NMR and Electron Spin Resonance (ESR) spectroscopies.
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6.1.7 Micro-ATR-FTIR cross sections analysis

The analysis of cross sections obtained from amber pelletpevismed in order to
get information about the development of oxidation in relation to thandistfrom

the surface. Results are showed in figure 6.7.
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Figure 6.7. Development of the oxidation in Baltic amber pellets crossosectt

different levels of ageing.

The detected levels of oxidation did not show a significant diffexdoetween unaged
and 35 days aged samples. In samples that have been aged for, iDvday<learly
visible the strong increase of oxidation at the exterior part, coinmily that oxidation

of amber occurs initially only at the surface.

Due to the rather low resolution of the spectra, it was not pogsildbtain reliable
data about the development of the esters hydrolysis in the cross sections.

6.1.8 Confocal profilometry

Non-contact topographic analyses were performed on the surfaceberf pellets, in
order to obtain information about possible changes in the roughness duegdseitige a

Results are showed in figure 6.8.
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Figure 6.8 Changes in roughness and height parameters on Baltic ambes pelle
surfaces during ageing.

During ageing of amber samples, a significant increase dieabtandard parameters
used to evaluate roughness was observed.

This result confirmed the previous information about amber prismacasffrom the
preliminary investigation and it reinforced the hypothesis tlg increasing
superficial roughness might be due to the breaking of chemical horalged in the
depolymerisation of the material.

6.1.9 ATR-FTIR analysis of archaeological material

A few 2-3 thousands of years old archaeological samples wergsadah order to
evaluate the oxidation state at different levels and to comipairedegradation status
with data obtained from the experiments on raw material. Results are showeden fig
6.9.
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Figure 6.9 State of oxidation in Baltic amber archaeological sampledifigrent
levels.

It was possible to notice no relevant difference in the oxidation state Ipetfoeeerust
and the internal part of the samples. This result was quargitatomparable to the
one obtained by the micro-ATR-FTIR cross sections analysisl&tpaged for 35
days, which was a moderately short artificial ageing period cadpgarthe age of the
objects (2-3 thousands of years). This assessment suggesteglay$eco-chemical
stability of the buried condition, confirming the conclusions from tlemental
analysis on similar archaeological samples (paragraph 4.1.7).

In all the instances, spectroscopic data, related to the peakrfogoelearacteristic for
C=0 groups, showed the prevalence of acids compared to esters ¢hetinécal
composition, confirming the relevant role of hydrolysis as degradation process.

6.2 Final assessments.

After the interpretation of the final achieved data, combined witral information
from the preliminary investigation, it was possible to identifiyumnber of pathways
by which Baltic amber degrades (figures 6.10 a-b) and to resmghie main
environmental factors which were involved in those degradation processes.

It is important to note that the interruption of the ageing for@mn®vo days, during
the analytical sessions on the samples, did not apparently #ifeadegradation
progress.
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Figure 6.10.a Degradation pathways related to the functional groups of the labdanoid
diterpene molecule.
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Figure 6.10.h Degradation pathways related to the terminal bonds of the labdanoid

diterpene molecule.
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The environmental factors, which worked as degradation agents and wHith e
considered for planning a preventive conservation strategy, were:
energy (heat, lighty- high temperature and light radiation hastened chemical
degradation of Baltic amber, as demonstrated by the use of tHerats=@ ageing
procedures during the experiments;
oxygen— oxidation of terpenoid components was the major cause of degradation
of Baltic amber, since oxygen was involved in several of the diedus
mechanisms;
relative humidity— humid environments promoted hydrolytic processes, but, on
the other hand, dry conditions seemed to be related to a higheofratadic
vapours off-gassing;
pH — acidic and alkaline conditions were connected to an intense hyadrolyt
activity.
Having proved that small samples degrade more rapidly than |aeges, as showed
by more significant chemical changes on powder samples, theestwfaolume ratio
should also be recognised as a degradation agent, but such a faotarastrollable,
so it cannot be considered for preventive conservation purposes.

The illustrated degradation pathways and their connection with thted i
environmental factors were supported by evidences obtained blgeakmployed
analytical techniques, as showed in table 6.1.

Table 6.1 Environmental factors and related degradation effects on Baltfoeram
examined by the different analytical techniques

Environmental Energy Oxygen Relative pH
factor (heat, light) humidity
Degradation
process
ATR-FTIR spectroscopy
Hydrolysis Visual examination
GC-MS

Oxidation
Depolymerisation
Decomposition
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The previous table needs to be elucidated with a few comments:

The hydrolysis of succinate ester was proved by changie ishape of the
infrared band at 1735 — 1700 ¢mclearly visible in ATR-FTIR spectra; humid
environments coupled with acidic or alkaline pH generated, further thamical
changes, visible structural alterations, such as deterioratiamioér prisms surfaces
and cohesion of powder particles; among acidic and alkaline conditiensgtond
one appeared to cause worse effects (presence of crackdeata paifaces), due to
the production and release of soluble organic compounds by the matenaljfeed
by GC-MS analysis.

Thermal- and photo-oxidative reactions were detected both by ATR-FTI
spectroscopy, with the increase in the concentration of C=0 graogshy optical
respirometry, through the measurement of oxygen consumption; mordbeer,
infrared analysis of cross sections confirmed that oxidation starts frosarfiaee.

The depolymerisation phenomenon, based on oxidative reactions, was
described by the formation of C=C bonds, detected by FT-Ramatraguepy, and
supported by studies on changes in colour and in roughness of the samples surfaces.

Organic volatile decomposition products were identified by GC-MS
headspace analysis and their off-gassing was also confbyn@dldy test through the
corrosion of lead coupons; this off-gassing seemed to be more entendry
conditions.

Consequently, the ideal conditions to obtain a good preservation of Balkiera

objects could be defined:

- room temperature- an ambient temperature not higher than 22 °C should avoid
any speed-up of degradation of amber objects; during this work, no study
concerning effects due to very low temperature was carriethouigh previously
established information recommend 17 °C as appropriate lower exffénckett
et al.,, 1995). It is also important that the temperature keeps ,stsible
fluctuating temperatures cause structural damages (as teeiahaikpands and
contracts; Callister, 2002) and indirectly affect relative humidity;
limited exposure to light amber objects should not be exposed to intense and
direct light, either artificial or natural behind window, which whas kind of
radiation used for this work;
low concentration of oxygen amber objects should be kept in an anoxic or at
least hypoxic micro-atmosphere;
middle relative humidity- neither a very low nor a very high relative humidity
conditions appeared ideal for Baltic amber preservation, becauskedtiegaused
degrading effects (respectively, acidic vapours off-gassing ardiolygis),
consequently a middle value around 50% should be appropriate; it is also
important that the relative humidity keeps stable (Williamalgt1990), to avoid
structural damages due to shrinking and swelling oscillations;
neutral pH- both acidic and alkaline pH conditions in humid environment caused
degrading effects (hydrolysis), even though alkaline pH appeareautse worse
visible effects due to the saponification phenomenon; considering, \adprath
this work, that Baltic amber material naturally releasesmicgacidic vapours,
creating acidic conditions in presence of moisture, these chesooapounds
should be removed from the environment in order to keep the pH statusras neut
as possible.
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Elemental and ATR-FTIR spectroscopy analyses on archaedlogai&rial gave
indications about the stability of buried conditions, since the chémica
characterization of these samples was comparable to the abedréd moderated
artificial ageing conditions.

Buried environments are in general characterised by absencghofand low
concentration of oxygen (Cremaschi, 2003). In the instance of the sdee whe
samples used for this work were found (Skanderborg, Denmark), the aoialso
characterised by a stable temperature around 8 °C, higlveehatmidity and acidic
pH. The mentioned features partially matched with the ideal condmiecsssary to
avoid a deep degradation of Baltic amber.
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Conclusions.

The aim of this project was to achieve a deeper understandihg afechanisms by
which Baltic amber degrades, in order to develop effective tectsigugreventive
conservation, with the purpose to slow down the rate of degradation of amber objects.

By the use of accelerated ageing to initiate degradatiormoBedtic amber samples
and, successively, by the use of non/micro-destructive techniquieertofy and
guantify changes in visual, chemical and structural propertiesast possible to
recognize the major pathways by which amber degrades:
- acidic hydrolysis of succinate ester into communol and succinic acid;
saponification of succinate ester in alkaline conditions;
thermal-oxidation and photo-oxidation of terpenoid components;
depolymerisation of the chemical structure;
decomposition of terpenoid components with production of volatile organic acids.

The achieved outcomes advanced the knowledge base within the studypef am
degradation, confirming some of the previous information and giving new data:
not only heat and UV radiation, but also visible light can cause rapicaggion
of amber;
oxidation of terpenoid components, that starts from the surfattes lmajor cause
of degradation, since oxygen is involved in several processes, sich a
depolymerisation, breakdown of terminal unsaturated carbon-carbon bonds and
formation of communic acid from communol;
amber is sensitive to both high and low relative humidity;
acidic and alkaline pH conditions can cause chemical changes andesurfa
deterioration in amber objects.

These results can be used to develop a preventive conservatiornydbaged on the
control of climatic, lighting and atmospheric parameters ineifronment where
Baltic amber objects are placed during storage, transport andydisghuding the
following measures:
climate control to control temperature and relative humidity of the environment
where Baltic amber objects are stored or exhibited, the usdivé atethods (air
conditioning systems or air controlled ventilation systems) osiyp@asnethods
(temperature and RH buffering, through suitable building matesiads natural
ventilation; Ryhl-Svendsen et al., 2003; Padfield et al., 2007) is negessa
Systems of these kinds should also be able to keep temperaturelane re
humidity constant, in order to avoid damaging effects due to fluctgatbthe
two parameters (Padfield, 2008).
Descriptions of these systems do not need to be detailed in tinis #ach
museum should choose the most appropriate system accordingeguitements,
in terms of energy consumption, maintenance and visitors’ comfort, lelsel
making use of psychometric calculations (American Society otikig
Refrigerating and Air-Conditioning Engineers, 2003);
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illumination — moderated exposure to light, either natural or artificiakelsvant
to Baltic amber objects in use before they are collected by museumsa)dadis
on display, but not to objects in storage or during transport which ardyusua
covered and consequently not exposed to any kind of illumination.
During exhibitions light must be accepted, but its intensity and enciel should
be regulated to a compromise between the sensitivity of theiahated what is
required for the proper display of the objects (Ryhl-Svendsen et al.,.2003)
Continuous artificial illumination could also be avoided, for instanceyaypl
timed relays. The use of filtering films is applicable onlytipdly in this context,
since Baltic amber is sensitive not only to UV radiation bst & visible light, as
demonstrated with this research. When showrooms are closed to the, publi
showcases should be covered or else the environment should be kepdankthe
closing window shutters and turning off artificial illumination;
storage, transport and display Baltic amber objects should be enclosed in
appropriate storage, transport and display cases for protection adastst
gaseous pollutants, thieves and sudden mechanical shocks, as well as for
microclimatic control. About display cases, such a system is prddudoe
instance, by the Italian company TecnoScianna and they are naimeb@éx.
These showcases are made in fully transparent acrylic alatgerfectly sealed
and with the possibility to place atmosphere controllers inside, vanehidden
in the base of the case and replaceable without rearranging the display.
Concerning Baltic amber objects, suitable atmosphere controllers should be:
oxygen absorbers- oxygen free cases could have many benefits during
storage, transport and display of Baltic amber objects, thanks &xthesion
of the main cause of degradation that is oxygen. Ageless Z, suppfied
Conservation by Design, appeared to be a very efficient produetcteate
oxygen free microclimates during the experiments for wuosk, therefore it
would be an optimal solution in museum contexts;
humidity stabilisers- conventional silica gels are useful to stabilise relative
humidity at different ranges of values. In the intermediageorearound 50%,
ideal for Baltic amber objects, specific products such as &to&hd Art Sorb
of Long Life for Art are also suitable;
pollution scavengers- some case materials, like wood, but also the Baltic
amber objects themselves, release air pollutants such as acetic acdafmdni
which recreate highly acidic conditions. The more a case issealkd, the
better these compounds are able to concentrate and accumulatey ezesiar
their confinement. Specific pollution scavengers, like activatkdrooal
supplied by Long Life for Art, coupled with non-emissive materits
storage/display construction, help to neutralize this chemical status.

On the base of the previous statements, in order to preserve chogicad Baltic

amber objects in their original state as long as possible, a nwhigeidelines for
storage, transport and display can be listed (table 1).
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Table I. Guidelines for storage, transport and display of Baltic amber objects

Factor Guidelines

Climate control  The environment where amber objects are storedpbaydd has to be
climatically controlled by the most appropriate control systemtlie
related building. Temperature and relative humidity have to be s&bili
at values respectively in the range between 17-22 °C and around 50%

lllumination Storage and Amber objects in storage and during transport have to be
transport kept in the dark
Display During exhibitions, the most appropriate illumination

system in the room where amber is displayed has to be
chosen considering both the visibility and the necessity of
limited exposure of the objects. For example, showcases
must not be placed close to windows, while artificial
illumination must be indirect (not directly pointing toward
the objects) and, possibly, timed; the use of camera flashes
should be forbidden and the UV component of the light
should be reduced as much as possible by the application
of filtering-films on the display cases

During closing times/periods, showcases have to be
covered or rooms have to be obscured

Case Structure Cases where amber objects are enclosed, during storage,
transport or display, must be made in non-emissive
materials (e.g. metal, glass, acrylic materials) oy thast
be coated on the interior surfaces with protective films
(e.g. polyester); they must be perfectly sealed and allow
the possibility to replace atmosphere controllers inside;
amber objects should be displayed on soft shock-
absorbent support systems

Atmosphere Oxygen absorbers, humidity stabilisers (at 50% RH) and
control pollution scavengers must be placed and regularly
replaced inside the cases

New methodologies and technologies were applied and developed during this study:
production of amber powder samples to investigate the role of thacsutd
volume ratio in the degradation process;
use of optical respirometry to examine consumption of oxygen by amber;
use of SPME-GC-MS headspace analysis and Oddy test to detitile
compounds released by amber;
spectrometric analysis of amber cross sections to observdetledopment of
degradation in relation to the distance from the surface;
use of confocal profilometry to obtain information about changes in rasuibiace
roughness due to degradation.

The conclusions of this study can be applied to the preservatioimeoNational
Museum of Denmark’s collections, which are of interest to curatsttsdents,
archaeologists and visitors for the economic, social, religious altgrad value of
amber jewellery.
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A. ANALYTICAL RESULTS.

A.1 Visual examination and colour measurement.

Preliminary investigation
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Figure 1. Visual and colour changes in
thermal-aged prisms in condition 1

( 20% RH, sample exposed to external
atmosphere).
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Figure 2. Visual and colour changes in
thermal-aged prisms in condition 2
(100% RH, sample exposed to internal
atmosphere, pH 5.5).
Thermal-ageing - Prisms - Condition 3
98.00
88.00
78.00
@ 68.00
§ 58.00 —O—L*
;3 48.00 (/ {) =\ g*
©
%1 38.00 Q O b
w
O 28.00 = o
18.00 0
8.00
[x— A
-2.00
0 17 35
Ageing stage (days)

- Lightening, yellowing

Figure 3. Visual and colour changes in
thermal-aged prisms in condition 3

( 20% RH, sample exposed to internal
atmosphere).
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Figure 4. Visual and colour changes in
thermal-aged prisms in condition 4
( 20% RH, sample exposed to internal
hypoxic atmosphere).
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Figure 5. Visual and colour changes in
thermal-aged prisms in condition 5
(100% RH, sample exposed to internal
atmosphere, pH 4).
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Figure 6. Visual and colour changes in
thermal-aged prisms in condition 6
(100% RH, sample exposed to internal
atmosphere, pH 10).
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Figure 7. Visual and colour changes in
thermal-aged powder in condition 1

( 20% RH, sample exposed to external
atmosphere).
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Figure 8. Visual and colour changes in
thermal-aged powder in condition 2
(100% RH, sample exposed to internal
atmosphere, pH 5.5).
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Figure 9. Visual and colour changes in
thermal-aged powder in condition 3

( 20% RH, sample exposed to internal
atmosphere).
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Figure 10. Visual and colour changes in
thermal-aged powder in condition 4
( 20% RH, sample exposed to internal
hypoxic atmosphere).
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Figure 11 Visual and colour changes in
thermal-aged powder in condition 5
(100% RH, sample exposed to internal
atmosphere, pH 4).
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Figure 12 Visual and colour changes in
thermal-aged powder in condition 6
(100% RH, sample exposed to internal
atmosphere, pH 10).
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Figure 13 Visual and colour changes in
photo-aged prisms in condition 1

( 20% RH, sample exposed to external
atmosphere).
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Figure 14. Visual and colour changes in
photo-aged prisms in condition 2
(100% RH, sample exposed to internal
atmosphere, pH 5.5).
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Figure 15. Visual and colour changes in
photo-aged prisms in condition 3

( 20% RH, sample exposed to internal
atmosphere).
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Figure 16. Visual and colour changes in
photo-aged prisms in condition 4
( 20% RH, sample exposed to internal
hypoxic atmosphere).
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Figure 17. Visual and colour changes in
photo-aged prisms in condition 5

(100% RH, sample exposed to internal
atmosphere, pH 4).



Photo-ageing - Prisms - Condition 6
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Figure 18 Visual and colour changes in
photo-aged prisms in condition 6
(100% RH, sample exposed to internal
atmosphere, pH 10).
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Figure 19. Visual and colour changes in
photo-aged powder in condition 1

( 20% RH, sample exposed to external
atmosphere).
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Figure 20. Visual and colour changes in
photo-aged powder in condition 2
(100% RH, sample exposed to internal
atmosphere, pH 5.5).
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Figure 21 Visual and colour changes in
photo-aged powder in condition 3

( 20% RH, sample exposed to internal
atmosphere).
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Photo-ageing - Powder (pellets) - Condition 4
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Figure 22 Visual and colour changes in
photo-aged powder in condition 4
( 20% RH, sample exposed to internal
hypoxic atmosphere).
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Figure 23 Visual and colour changes in
photo-aged powder in condition 5

(100% RH, sample exposed to internal
atmosphere, pH 4).
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CIE L*a*b* values
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Figure 24. Visual and colour changes in
photo-aged powder in condition 6

(100% RH, sample exposed to internal
atmosphere, pH 10).
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Figure 25. Colour changes in photo-aged prisms in blind condition.
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Figure 26. Colour changes in photo-aged powder in blind condition.
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Advanced investigatian
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Figure 27. Visual and colour changes in
thermal-aged pellets in condition 1
( 20% RH, sample exposed to external
atmosphere).
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Figure 28 Visual and colour changes in
thermal-aged pellets in condition 2

(100% RH, sample exposed to internal
atmosphere, pH 5.5).
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Thermal-ageing - Pellets - Condition 3
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Figure 29. Visual and colour changes in
thermal-aged pellets in condition 3
(100% RH, sample immersed in liquid,
pH 5.5).
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Figure 30. Visual and colour changes in
thermal-aged pellets in condition 4

( 20% RH, sample exposed to internal
atmosphere).
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Thermal-ageing - Pellets - Condition 5
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Figure 31 Visual and colour changes in
thermal-aged pellets in condition 5
( 20% RH, sample exposed to internal
anoxic atmosphere).
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Figure 32 Visual and colour changes in
thermal-aged pellets in condition 6

(100% RH, sample exposed to internal
atmosphere, pH 3).
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Thermal-ageing - Pellets - Condition 7
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Figure 33 Visual and colour changes in
thermal-aged pellets in condition 7
(100% RH, sample immersed in liquid,
pH 3).
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Figure 34. Visual and colour changes in
thermal-aged pellets in condition 8

(100% RH, sample exposed to internal
atmosphere, pH 5).
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Thermal-ageing - Pellets - Condition 9
98.00
88.00 O
78.00 \C — —
8 68.00
:g 58.00 o
2 4800 ~f—ar
= 38.00 O— —0 = O-b
S 28.00
18.00 0
8.00 P— e —A
-2.00 = :
0 11 23 35
Ageing stage (days)
- Darkening, reddening, yellowing
Eap = 29.51
Figure 35. Visual and colour changes in
thermal-aged pellets in condition 9
(100% RH, sample immersed in liquid,
pH 5).
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Figure 36. Visual and colour changes in
thermal-aged pellets in condition 10
(100% RH, sample exposed to internal
atmosphere, pH 10).
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CIE L*a*b* values
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Figure 37. Visual and colour changes in
thermal-aged pellets in condition 11
(100% RH, sample immersed in liquid,
pH 10).
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A.2 ATR-FTIR spectroscopy.

Preliminary investigation
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Figure 38 C=0 group absorbance change in thermal-aged prisms in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 39. C=0 group absorbance change in thermal-aged prisms in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 40. C=0 group absorbance change in thermal-aged prisms in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 41 C=0 group absorbance change in thermal-aged prisms in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 42 C=0 group absorbance change in thermal-aged prisms in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).
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Figure 43. C=0 group absorbance change in thermal-aged prisms in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 44. C=0 group absorbance change in thermal-aged powder in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 45. C=0 group absorbance change in thermal-aged powder in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 46. C=0 group absorbance change in thermal-aged powder in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 47. C=0 group absorbance change in thermal-aged powder in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 48. C=0 group absorbance change in thermal-aged powder in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).
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Figure 49. C=0 group absorbance change in thermal-aged powder in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 50. C=0 group absorbance change in photo-aged prisms in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 51 C=0 group absorbance change in photo-aged prisms in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 52 C=0 group absorbance change in photo-aged prisms in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 53. C=0 group absorbance change in photo-aged prisms in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 54. C=0 group absorbance change in photo-aged prisms in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).
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Figure 55. C=0 group absorbance change in photo-aged prisms in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 56. C=0 group absorbance change in photo-aged powder in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 57. C=0 group absorbance change in photo-aged powder in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 58 C=0 group absorbance change in photo-aged powder in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 59. C=0 group absorbance change in photo-aged powder in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 60. C=0 group absorbance change in photo-aged powder in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).

Photo-ageing - Powder - Condition 6

2.20
2.00 A

5 180

8

< 9

? g 1.60 A

@)

8 1.40

< O\
120 \C)
1.00 T

0 17
Ageing stage (days)

Figure 61 C=0 group absorbance change in photo-aged powder in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 62 C=0 group absorbance change in photo-aged prisms in blind condition.
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Figure 63. C=0 group absorbance change in photo-aged powder in blind condition.
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Advanced investigatian
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Figure 64. C=0 group absorbance change in thermal-aged pellets in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 65. C=0 group absorbance change in thermal-aged pellets in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Thermal-ageing - Pellets - Condition 3

1.55

1.50

1.45

1.40 4

O /Abs.CH ,

Ratio

1.35
. w

1.25

Abs. C

1.20
0 11 23 35

Ageing stage (days)

Figure 66. C=0 group absorbance change in thermal-aged pellets in condition 3
(100% RH, sample immersed in liquid, pHb.5).
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Figure 67. C=0 group absorbance change in thermal-aged pellets in condition 4
( 20% RH, sample exposed to internal atmosphere).
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Thermal-ageing - Pellets - Condition 5
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Figure 68. C=0 group absorbance change in thermal-aged pellets in condition 5
( 20% RH, sample exposed to internal anoxic atmosphere).
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Figure 69. C=0 group absorbance change in thermal-aged pellets in condition 6
(100% RH, sample exposed to internal atmosphere, pH 3).
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Thermal-ageing - Pellets - Condition 7
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Figure 70. C=0 group absorbance change in thermal-aged pellets in condition 7
(100% RH, sample immersed in liquid, pH 3).
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Figure 71 C=0 group absorbance change in thermal-aged pellets in condition 8
(100% RH, sample exposed to internal atmosphere, pH 5).
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Figure 72 C=0 group absorbance change in thermal-aged pellets in condition 9
(100% RH, sample immersed in liquid, pH 5).
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Figure 73. C=0 group absorbance change in thermal-aged pellets in condition 10
(100% RH, sample exposed to internal atmosphere, pH 10).
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Thermal-ageing - Pellets - Condition 11
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Figure 74. C=0 group absorbance change in thermal-aged pellets in condition 11
(100% RH, sample immersed in liquid, pH 10).
The range is different from the one used for the other graphs.
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A.3 FT-Raman spectroscopy.

Preliminary investigation
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Figure 75. C=C group intensity change in thermal-aged prisms in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 76. C=C group intensity change in thermal-aged prisms in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 77. C=C group intensity change in thermal-aged prisms in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 78. C=C group intensity change in thermal-aged prisms in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 79. C=C group intensity change in thermal-aged prisms in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).
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Figure 80. C=C group intensity change in thermal-aged prisms in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 81 C=C group intensity change in thermal-aged powder in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 82 C=C group intensity change in thermal-aged powder in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 83. C=C group intensity change in thermal-aged powder in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 84. C=C group intensity change in thermal-aged powder in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 85. C=C group intensity change in thermal-aged powder in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).
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Figure 86. C=C group intensity change in thermal-aged powder in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 87. C=C group intensity change in photo-aged prisms in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 88. C=C group intensity change in photo-aged prisms in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 89. C=C group intensity change in photo-aged prisms in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 90. C=C group intensity change in photo-aged prisms in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 91 C=C group intensity change in photo-aged prisms in condition 5
(100% RH, sample exposed to internal atmosphere, pH 4).
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Figure 92 C=C group intensity change in photo-aged prisms in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 93. C=C group intensity change in photo-aged powder in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 94. C=C group intensity change in photo-aged powder in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 95. C=C group intensity change in photo-aged powder in condition 3
( 20% RH, sample exposed to internal atmosphere).
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Figure 96. C=C group intensity change in photo-aged powder in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 97. C=C group intensity change in photo-aged powder in condition 4
( 20% RH, sample exposed to internal hypoxic atmosphere).
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Figure 98. C=C group intensity change in photo-aged powder in condition 6
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 99. C=C group intensity change in photo-aged prisms in blind condition.
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Figure 100 C=C group intensity change in photo-aged powder in blind condition.
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Advanced investigatian
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Figure 101 C=C group intensity change in thermal-aged pellets in condition 1
( 20% RH, sample exposed to external atmosphere).
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Figure 102 C=C group intensity change in thermal-aged pellets in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 103 C=C group intensity change in thermal-aged pellets in condition 3
(100% RH, sample immersed in liquid, pHb.5).
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Figure 104 C=C group intensity change in thermal-aged pellets in condition 4
( 20% RH, sample exposed to internal atmosphere).
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Thermal-ageing - Pellets - Condition 5
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Figure 105 C=C group intensity change in thermal-aged pellets in condition 5
( 20% RH, sample exposed to internal anoxic atmosphere).
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Figure 106 C=C group intensity change in thermal-aged pellets in condition 6
(100% RH, sample exposed to internal atmosphere, pH 3).
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Figure 107. C=C group intensity change in thermal-aged pellets in condition 7
(100% RH, sample immersed in liquid, pH 3).
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Figure 108 C=C group intensity change in thermal-aged pellets in condition 8
(100% RH, sample exposed to internal atmosphere, pH 5).

56
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Figure 109 C=C group intensity change in thermal-aged pellets in condition 9
(100% RH, sample immersed in liquid, pH 5).
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Figure 110 C=C group intensity change in thermal-aged pellets in condition 10
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 111 C=C group intensity change in thermal-aged pellets in condition 11
(100% RH, sample immersed in liquid, pH 10).
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A.4 Oxygen measurement.

Advanced investigatian
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Figure 112 Oxygen consumption trend in thermal-aged pellets in condition 2
(100% RH, sample exposed to internal atmosphere, p13).
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Figure 113 Oxygen consumption trend in thermal-aged pellets in condition 3
(100% RH, sample immersed in liquid, pHb.5).
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Figure 114 Oxygen consumption trend in thermal-aged pellets in condition 4
( 20% RH, sample exposed to internal atmosphere).

120

Thermal-ageing - Pellets - Condition 5

100 1

80

60 -

40

Oxygen (% air saturation)

\

20

\ .

11 23 35
Ageing stage (days)

Figure 115 Oxygen consumption trend in thermal-aged pellets in condition 5
( 20% RH, sample exposed to internal anoxic atmosphere).
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Figure 116 Oxygen consumption trend in thermal-aged pellets in condition 6
(100% RH, sample exposed to internal atmosphere, pH 3).
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Figure 117. Oxygen consumption trend in thermal-aged pellets in condition 7
(100% RH, sample immersed in liquid, pH 3).
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Figure 118 Oxygen consumption trend in thermal-aged pellets in condition 8
(100% RH, sample exposed to internal atmosphere, pH 5).

120

Thermal-ageing - Pellets - Condition 9

100 1

80

o

\

60 -

40

Oxygen (% air saturation)

20

0 11 23 35
Ageing stage (days)

Figure 119 Oxygen consumption trend in thermal-aged pellets in condition 9
(100% RH, sample immersed in liquid, pH 5).
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Thermal-ageing - Pellets - Condition 10
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Figure 120 Oxygen consumption trend in thermal-aged pellets in condition 10
(100% RH, sample exposed to internal atmosphere, pH 10).
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Figure 121 Oxygen consumption trend in thermal-aged pellets in condition 11
(100% RH, sample immersed in liquid, pH 10).
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Figure 122 Oxygen concentration trend in thermal-aged control samples.
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A.5 Headspace analysis.

Advanced investigatian
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Figure 123 Off-gassing trend in thermal-aged micro-slices in condition 1

( 20% RH, sample exposed to external atmosphere).
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Figure 124 Off-gassing trend in thermal-aged micro-slices in condition 2

(100% RH, sample exposed to internal atmosphere, p13).
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Thermal-ageing - Micro-slices - Condition 3
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Figure 125 Off-gassing trend in thermal-aged micro-slices in condition 3
(100% RH, sample immersed in liquid, pHb.5).
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Figure 126 Off-gassing trend in thermal-aged micro-slices in condition 4
( 20% RH, sample exposed to internal atmosphere).
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Thermal-ageing - Micro-slices - Condition 5
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Figure 127. Off-gassing trend in thermal-aged micro-slices in condition 5
( 20% RH, sample exposed to internal anoxic atmosphere).
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Figure 128 Off-gassing trend in thermal-aged micro-slices in condition 6
(100% RH, sample exposed to internal atmosphere, pH 3).
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Thermal-ageing - Micro-slices - Condition 7
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Figure 129 Off-gassing trend in thermal-aged micro-slices in condition 7
(100% RH, sample immersed in liquid, pH 3).

Thermal-ageing - Micro-slices - Condition 8

4590500 -
4090500 -
3590500 -

3090500

2590500

=O= Acetic acid
) )
2090500 =/ Formic acid

1590500
1090500 ~

O S
590500 -

90500

Amount (counts)

0 11 23 35
Ageing stage (days)

Figure 130 Off-gassing trend in thermal-aged micro-slices in condition 8
(100% RH, sample exposed to internal atmosphere, pH 5).
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Thermal-ageing - Micro-slices - Condition 9
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Figure 131 Off-gassing trend in thermal-aged micro-slices in condition 9
(100% RH, sample immersed in liquid, pH 5).
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Figure 132 Off-gassing trend in thermal-aged micro-slices in condition 10
(100% RH, sample exposed to internal atmosphere, pH 10).
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Thermal-ageing - Micro-slices - Condition 11
4590500
4090500
3590500
@ 3090500 -
5
8 2590500 - =O= Acetic acid
= o
£ 2090500 - =/ Formic acid
o
£ |
£ 1590500
1090500
590500 \
J =
L— A v = —\
90500
0 11 23 35
Ageing stage (days)

Figure 133 Off-gassing trend in thermal-aged micro-slices in condition 11
(100% RH, sample immersed in liquid, pH 10).
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B. ACTIVITIES ACCOUNT.

In this appendix an account of activities, which have taken place dimenéhD
project period, is presented.

B.1 Teaching activites and other forms of dissemation of
knowledge.

27" — 28" September 2007: presentation of the first research report dtrehe
EPISCON annual workshop, in Oviedo (Spain).

9" — 1d" October 2008: presentation of the second research report at the second
EPISCON annual workshop, in Amsterdam (Netherlands).

19" November 2008: delivery of a lecture about “Amber and infrared resecpy”
at the School of Conservation, in Copenhagen (Denmark).

2"4 _ 39 December 2008: presentation of the own PhD research projeu 41t
Scandinavian Conservation PhD Student Colloquium”, in Gothenburg (Sweden).

28" — 2g" May 2009: presentation of the third research report at the thiSICEIN
annual workshop, in Budapest (Hungary).

B.2 Participation in courses.

4" September 2006 — ®&anuary 2007: participation in core courses on Science for
Conservation at the University of Bologna, in Ravenna (lItaly).

7" — 13" October 2007: participation in courses on Synchrotron Radiation and
Neutrons for Cultural Heritage Studies at the ESRF, in Grenoble (France).

17" — 24" January 2008: participation in course on Statistics at the School of
Conservation, in Copenhagen (Denmark).

B.3 Participation in conferences and seminars.

As poster presenter

12" — 16" May 2008: poster presentation about the own PhD research project at the
“37™ International Symposium on Archaeometry”, organized by UniediSiena,

in Siena (ltaly).

As listener
24" June 2009: “Seminar on electronic lab notebooks”, organized by Contur
Software, at University of Copenhagen, in Copenhagen (Denmark).

10" — 11" May 2007: “Conservation Science 2007, organized by ICON (The
Institute of Conservation), at Politecnico di Milano, in Milan (Italy).

31* January 2007: “Science and cultural heritage — diagnostics: traamig
profession”, organized by Italian Association Experts in Diagndsr Cultural
Heritage, at Universita di Roma “La Sapienza”, in Rome (ltaly).
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B.4 Stays abroad.

22" — 26" October 2007: Raman Confocal Microscopy tests on Baltic ambgies
at the University of Bologna, in Bologna (Italy).

10" — 13" March 2009: Confocal Profilometry tests on Baltic amber sasnate
Nanofocus AG, in Oberhausen (Germany).
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