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RIASSUNTO

| monumenti sbrici sono strutture complesse soggette a modiche nel corso del tempo. Per questo
motivo la loro tutela & una vera e propria sfida. Per valutare lo stato di conseneadi un edificio

e fondamentale ricostruire la sua storia e identificare le principali vulnerabilita e criticita. | siti
UNESCO della Cattedrale di Modena e di Pompei ne rappresentano due casi significativi. La
datazione assoluta dei materiali da costiene € stata svolta al fine dicostruire la storia degli

interventi di restauro effettuatcome conseguenza di eventi sismici.

La Cattedrale di Modena fu danneggiata dal terremoto avvenuto nel 2012 e le principali vulnerabilita
sono state riscontrate ke volte cinquecentesche. Il progetto di rafforzamento antisismico ha
permesso di indagarne le fasi costruttive e di comprendere la sequenza storica dei danni subiti. Dalle
campagne di ricognizione svolte direttamente sugli estradossi delle volte, sat®identificate
numerose lesioni ed € emersa la presenza di ampie porzioni ricostruite utilizzando malte di
allettamento con legante di gesso e calce. Risulta evidente quindi che queste sezioni giustapposte a
diverso legante siano da ascriversi ad impotiténterventi di restauro strutturale effettuati al fine

di riparare i danni provocati da eversismici. Lo scopo della ricerca € quello di datarporzioni
originarie delle volte equelle successivamenteestaurate correlanda risultati ottenuti conil
catalogo parametrico dei terremotidtiani, al fine di risalire al possib#eento lesivoE stato quindi
applicato un progetto di ricerca innovativo che integra diversi metodi di datazione assoluta:
radiocarbonio e Luminescenza Otticamente Stimol@@SL) per la datazione delle malte, e
Termoluminescenza (TL) per la datazione dei mattahiine della corretta interpretazione dei
risultati, & stata eseguita learatterizzazione petrograficdelle malte di calce ed e stata inoltre
ag2ft il fLRHIAMYMAALINBIASYGA it QAYIGSNYy2 RSttS YIf
calce e stata utilizzata sia per la costruzione originaria sia per riparazioni successive, mentre la malta
di gesso é stata impiegata o in volte fortemente danneggmtdcostruite totalmente o per
restaurare porzioni di volte originariamente in malta di calce. Si evince cosi che le aree danneggiate
siano piu estese di quelle rilevabili esclusivamente mappando le lesioni oggi visibili. Infine la
comparazione delle duprocedure di preparazionéei campioni di malta di calce diatare al
radiocarbonio(Cryo2Sonic digestione acida gradualeha permesso di identificare la metodologia

piu idonea ai fini della datazione di malte di calce con aggregato a composizionaatarao

Diversi pavimenti a mosaico, appartamenti ad alcultenuse ad aree pubbliche di Pompei,

presentanodei risarcimenti probabilmenteeffettuati al fine di colmare lacune provocate da danni



subiti o in epoche antiche o piu recendppo lo scavo del sito. Questi interversno state
riscontratiin diverse ed importantilomus(Casa dPaquius Proculu§asa del Menandro, Casa della
Fontana Piccola, Casa VIII, 3, 24) e nelle Terme del Foro. Al fine di chiarire se questo tipardi resta
AAl adlrdz2 STFSGhGdzZ G2 ySttQFryuGAOKAGE 2 aAir GNI @
metodologie, quali la caratterizzazione petrografica, la datazimselutd £ NJ RA 2 OF ND 2 Y A i
dei pollini La datazione al radiocarboni@ ffiornito due range cronologici (423376 a.C. e 17784

14521 a.C.xrhe sono molto piu antichi di quanto previsto per gli edifici romardjcandouna
contaminazione d&€Qdi origine geologicaPoiché la metodologia digestione acida graduale per

la preparazione di malte da sottoporre a datazione radiocarborécee dimostrata efficace
nell'eliminarela contaminazioneda aggregato carbonaticane consegue che le maltk Pompei

hanno incorporataina fonte di C@derivantedel drammaticeseppellimentada materiale vulcanico

ad alta temperaturadurante I'eruzione del Vesuvieh79 d.C. Ske malte di restauro fossero state
moderng non ci aspetteremmo questa contaminazione e la datazione al radiocarbonio avrebbe

F 2 Ny A (i 2noddmya(D$ Gid si deducehe questi interventi successivsono antichi restauri,
probabilmente effettuati dopoliterremoto del 62 d.C., che precedett@a fatale eruzione del
Vesuvio.! Yy Q | yiA Ol fdSe diréspayr@ &tadal qiridipienamenteidentificata come

un‘altraimportante parte della drammaticatoriadi Pompei, ch@andrebbe preservata.



ABSTRACT

Historical monuments are complex structures, built and modified over time. For this reason, their
preservation is a challenging issue. Reconstructing the history andtwtal vulnerability of a
building is fundamental to assess its state of conservation. The Modena Cathedral and Pompeii
UNESCO sites represent significant examples in this regard. Absolute dating of the building materials
has been performed in order to pvide data on the site chronology and the history of repair

interventions, especially after earthquakes.

The Modena Cathedral was damaged by the 2012 earthquake andhaive vulnerabilitiesvere
identified on the 1Bh century vaults. An angeismic reinforcement project gave the opportunity

to investigate the construction phases and to asgsbesdamages suffered in the past. A detailed
survey of the vaults binder was carried out and revealed the scars of multipér neprks after
several earthquakes, resulting in a complex patchwork of lime and gypsum mdit@rsim of the
studywas to absolute datéhe original vaults construction anthé restoration portionsuilt after

the main earthquakes;orrelating them tothe earthquake chronology deduced from the historic
catalogue An integrated approachsing different techniques hdseen appkd: radiocarbon dating

by Cryo26nic and by sequential dissolution, and Optically Stimulated Luminescence (OSL) of the
sand aggrgate to date ancient mortars, and Therfuminescence (TL) to date brickEhe
petrographic characterizationof mortars has been performed as fundamental step for the
interpretation of the results and the analysis of the pollen trapped in the gypsum mioasabeen
tested. The results show that lime mortar was used both as origmiéding material and for later
repairs, while the gypsum binder was used to entirely rebuild some vaults or to repair some vaults
originally built using lime mortars. This denstrates that the vaults suffered much larger damage
induced by earthquakes than previously assessed just by mapping fracture and crack nelworks
addition, the comparison of the two sample preparation procedures of mortar for radiocarbon
dating(Cryo2Soit and sequential dissolutiorijas allowed to identify the most suitable method for

lime mortars rich in carbonate aggregate.

Some mosaic floors in houses and public spaces in Pompeii ptatemterventions which were
probablycarried outto fill gaps in pavements to repair various types of damage, either in ancient
time or just after the excavation of the sitenportantdomus(House ofPaquius Proculusiouse of
Menander, House of the Small Fountain, House VIII, 3, 24) afthenbathsdisplay theseepairs

To clarify the origin of therestoration, ancient vs. modern, petrographic characterization,



radiocarbon dating and pollen analysis have bperformed.The resulbf radiocarbon dating range
from 4229 to 3376 BC and from 1778414521 BC, which is much older than expected for roman
buildings, demonstrating a geologicaurcefor CQ. Since the sequential dissolution methodology
has been proved efficient in eliminating the geological contribution of carbonate grains, it follows
that the Pompeii mortars have been incorporated a»G@urces probably deriving by the dramatic
burial by high temperature volcanic material during the AB eruption of Vesuvius. If threpair
mortars were modern, we would not expect this contamination #mel radiocarbon dating would
have yielded a modern agkt.means thatheselate interventions are ancient restoration, probably
carried out after the earthquakef 62 ADthat preceded the fatal eruption of Vesuvius. According
to these resultsan ancient mrecognized restoration phasies now fully identified as another

important part of the dramatic history of Pompeii, that should be preserved.
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1. INTRODUCTION

Pompeii and the medieval Modena cathedral UNESCO lsites been chosen as case studies
clarify thesite chronology and thkistoryof the restoration by means oflasolute dating of building
materials Reconstructing the history arttie structural vulnerability othe historical monumentss

fundamental fortheir preservation.

The Modena Cathedrahults were extremelgamaged by the 2012 earthquake aarglantiseismic
reinforcement projectvas plannedjiving ughe opportunity to investigate the construction phases
and to assess the damages suffered in the pastomplexpatchwork of lime and gypsum mortars
have beendetected on the vaults, revealindhé scars of multiple repair workafter several
earthquakes.The aim of the study is to absolute date tbeginal vaults construction and the
restoration portions, orrelating them to the earthquake chronology deduced from the historic

catalogue.

Some mosaic floors in houses and public spaces in Pompeii ptateinterventions carried outo
repair various types of damage. Thén of the research is taiscriminate the timing of the

restoration, ancient vs modern

Since historical sources leavenclear issues scientific approach is the only way to obtain reliable
data. An integratedmethod using different tehniques (petrographic analysis, radiocarbon dating,

OLS dating, TL dating, pollen analysis) has been applied for both case studies.

Beside the specific archaeological dnstorical questionsthe present study is also concerned with
the capabilities and limitof the different absolute dating techniquesThis thesis presents how
different methodshave been used and how successhdyhave beenThe research deals with the
problem of the different contamination sources that can occur in radiocarbon dating of ancient
mortar and the comparisoof the two sample preparation procedures of mortar for radiocarbon

dating has allowed to iderfti the mostreliablemethod.



2. MORTAR DATING: THE STATEHEHART

Mortar is an artificial building mateal used to link bricks ostones Mortar isa mixture of binder,
aggregate, water and eventually other orgatiecg. charcoal, strawdr inorganic(e.g. ceramic
fragments)componentsThe binder (gypsum, limelayor cement) is the material that, mixed with
water, form an easily workable mass capable to hardening to form a unique hard structure. The
aggregate (sand, gravel pozzolanais added tdhe binder in order to reduce the effect of mortar
shrinkageandto enhance the mechanical properti@Sazalla et al. 200@tefanidou and Papayianni
2005. There are two characteristic types of lime: hydraulic and-hgdraulic. They differ in the
mannerby which they harden and in the properties they display. Hydraulic limes hardeyréager
or lesser extent due to a chemical reaction between their active clay particles almhevater
(hydraulic set) whereas neimydraulic limes harden due to a reamti betweenCaO in the mix and
atmospheric C®(carbonation) (Pavia et al. 2006 Artificial hydraulicmortars were obtained by
mixing lime withpozzolanaor crushed brickscpcciopestp(Binda and Baronio 1988ugini et al.
1993; Baronio and Binda 1B8®Baronio et al1997;Moropoulou et al. 2005B0keet al. 2006 Pavia
2008 Pavia and Caro 2008jlva et al. 200EIsen et al. 2012; Weber et al. 2015

2.1.Production of historic mortar

Historic mortars are a mixture of lime, Ca(@tplcium hydroxide as the mineral portlandite) an
aggregatepsuallysandor volcanic pyroclastic materiathe historiomortar manufactureincludes

different steps presented schematically imgbire 1.

14CO

from atmosphere
Cac()3 Coz
Jf»

on it
Bike B2 LR ol
> '.I/ i‘:‘. | Cao Ca(OH) “" (. +Sand -

Fig.1: The CaCgxycle from limestone to binder calcite (Hale et2003)
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The production processdgins with the burning of crushdiamestonein a kilnat temperaturesof
about 800900 °Cor exceedingAt this temperature calcination occaandthe calcium carbonate

(mineral calcite) is transformed intguicklime(calcium oxideCaO)iberatingcarbon dioxide
CaCIbCal + C£ calcination

Then quicklime ishen slaked with water to formthe mineral portlandite(calcium hydroxideg

Ca(OH)):
CaO + D IMCa(OH) = slake

Theslaking process an exothermic reaction and the producealcium carbonate istoredunder
water excesss lime putty (aging process). A leregm storage improve the mortar quality and
workability due to theparticle sizereductionand morphology changesf the portlanditecrystal
(RodriguezNavarro ¢ al. 1998; Cazalleet al. 20M®; Elert & al. 2002; Margalha et al2013. The
carbonate crust formed over the slaked lime during the aging process can lehd lime lumps

formation (Bruni et al1997).

Subsequentlythe lime is mixed witlgeological material or reused inorganic building materials. The
mortar is non hydraulic or hydraulic if the aggregate is respectively sand gravel (inert) or
volcanic glas, burned clay minerals and ceramic splinter. In this latter case the filler material reacts
with the strongly alkaline lime and other binder minerals than calcite are formed (Lindroos. 2005)
After the application, themortar starts to setand hardenwhenthe lime absorbs atmospheric GO

to regeneratecalcium carbonate (CaGO

2.2.Binder related particles (BRP)

In the historic mortarsthree different typeof binder related particles (BRPs) adéstinguished
according to the grades of calcinatioanderburned fragments, overburned fragments and lime

lumpssensu strictdElsen 2006).

The wnderburned fragmentsire remnants ofunder burntlimestone thatmaintain the original rock
structure providing information about the type of limestone usedIfore production(Hughesand

Cuthbert2000;Hughes et al2001; Pavia and Caro 200Btatini et al. 2008)

11



The overburned fragments are sintered particles formed in the hottest zones of traditional kilns
where the temperatures are sufficient to melting thee. Inside the mortar, these fragments will
slowly carbonate because the sintered lime is weakly reactive. The overburned fragments provides

information about maximum burning tempettares in the kilns (Elsen 2006).

The lime lumpsensu strict@are the nost commonly observed binder related particles. Ylage a
pure calcium carbonate lump, easily detable due to theounded porous structurand the whitish
and soft aspectThese are thought to originate from imperfect mixingthe binder due taesidues
of the carbonate crust formed on the lime putty in the processnaturation (Bruni et al1997) or
from a poor mixing of the lime putty with the aggregates (Lindroos et al. 20@éga et al. 2008;
Pesce et al2009).Some other authors attribat their development to oy slaking Klughes et al
200% Carran et al2010.

The study of these particles provides significant information about te®hc mortar production
technology After the slaking process, lime putty is sieved through a gratiagpisyto avoid the
inclusion of limestone relicts in the mortar (Bruni et 97, Pecchioni et al. 2034This means that
a surplusof these particlendicates a poor production technologsstrong inhomogeneities in the
distribution of temperaturein the kiln, lack of sieving ardifficulty in the calcination of thatone
because its compositioffPecchioni at ak014). Moreover, heir identification is a crucial step in the

mortar dating.

2.3.Radiocarbon dating of mortars

Determine the age oancient buildings and establiskonstruction phasg represent important

issues in the archeological an architectural reseafttelime mortar binder represents a potential

tool to assess the constructidiming of buildingssinceit reflects the atmospheri¢*C concentration

at the time of hardening process. Thus the lime binder can be used as matedi4T fdating. This
principle is well known but problents obtained the correct radiocarbon aganarise when other
carbonate phasemterfere (Lindroos 2005)Underburned limestone fragments, charcoal particles

from woodHired kilns and carbonate aggregateuld contaminate the radiocarbon dating result

and provide older ageCarbonate rocks, in fact, are mainly made of Ca68&, at the beginning of
thesedV Sy i NB LINRPOS&dax O2yildlAySR GKS OIFNb2y Aazi

the precipitation. So in contrast to the carbon contained in the lime mixtures of archeological

12



interest which have a lifetime shorter than the radiocarbon, Cag@Qeological origin come from
times far earlier than the equivalent to the decay time of radiocarbon. This means that any isotope
contained in carbonate rocks 8‘C deact and this implies that any molecule of carbonate rock
(carbonate sand or underburned fragmenis) the mortar can sensitively affect the result of
radiocabon dating with a heavy ageing (Pesce and Ball 2@2Yhe other handsa rejuvenation

effect can be inducedby delayed hardening in thick wa(lSonniren et al. 1985pr if late exchange

with the atmospheric Cfoccurred after the construction, producing secondary calcite within the
calcareous bindeiThese problems have been described extensiigty Van Strydonck et a1983a,

b, 1986,1989; Van Bydonck and Dupas 1991; Ambet887; Heinemeier et al. 1997 withrther
references) and sample procedures have been improved upon since the beginning of radiometric

method datingin order to remove the contamantsthat invalidatethe results

The first mortar datings were performed in the 1964 Hyabeyrie and Delibriaby thermal
decomposition of crushed mortar samplas 900°C(Labeyrie and Delibrias964; Delibrias and
Labeyriel965).The carbon dioxide was precipitatéa a barium hydroxide solution and reliberated
byacidhydrolysis of barium carbonate for decay counting measureniarthe same periodStuiver
and Smith (196%erformedthe acid hydrolysis, with diluted HCI at different temperatures, directly
on crushed samplesSoon after,Baxter and Walton (197Q¥alizedthat, when acid hydrolysis is
applied, differences carbonate phases solubilitan be exploit to achieve accurate dating results.
The soft and friable arbonate binder dissolvesnore rapidly thanthe crystalline carbonate
limestone and calcareous sandSolk and Valastro (1976) triedo identify and remowe the
contaminating carbonates developigpartial dissolution methodthat isolateand date the early
fractions of effervescing GOThe C@emanating from the residue was dated separately to nami
the degree of contaminationThisso-OF f £t SR a ¢ SEI & 195)iwas fested and Y 6 S N
developedfurther by Van Strydonck et al. (1983#,1986; 1989) and Van Strydonck and Dupas
(1991). Theyncreasedthe number of dated C&ractions from one sample by splitting it into several
aliguotsand using different partial dissolution for the aliquaits.1990 Tubbs and Kinder introduced
the use of Accelerator Mass Spectrometry (AMS) to date organduessinmortar, and soon late
Van Strydonck et al. (199@%ed AMS to datemall samplesf mortars and lime lumpsThe use of
AMS to determiné“C in lime mortars significantly reduces the amount of sample requit&dng)
makingit possible to take a very small piece of the samfdeg. lime lumps{Ringbom et al. 2014)

In the mid1990s and onward, the 85% phosphoric acid substitutedHtté acidHeinemeier et al.
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1997) previouslyand mostlyused for the chemical separatioalso in preparation for AMS analysis

(Hodginset al. 2011; ABashaireh 2013).

Recently the potential of lime lumps has been studied and implemented (Pesce et al. 2009; Pesce
and Ball 2012; Pesce at al. 2012; Pesce and Bal| R0fBoos et al. 20)8Snce lumpsormed by
clodding of the lime putty before it is mixed with the aggregate, tlveytain the same lime as the
surrounding matrix and theyhould be free from contamination of dearbon geological
carbonates from the fillerFor this reason,hiey can be successfully used for mortar radiocarbon
dating. Howeverthere are many kind of lime lumps and not all of them are suitable for identifying
the age of the mortared structuré/@n Strydonck et al. 1992; Pesce et al. 2009, 2012; Lindroos et
al. 014).There are lumps incompletely burned that contained limestone relicts or, due to their soft
and porous nature, secondary calctan be formedvithin the lumpsif they have been in contact

with groundwater or percolating watdiLindroos et al2007; lindroos et al. 2011

Nowadays, the methods most commonly used to eliminate the contaminants, that must be
separated from the carbon belonging to the original binder, consist of a mechanicakpteent
(Nawrocka et al. 200%azaioli et al. 2011; Orteget al. 2012; Nonni et al. 2013017; Addis et al.
2019 and a chemical treatmeni{Heinemeier et al. 1997onninenand Jungner 20Q1indroos et

al. 2007and successive)

Mechanical separation (Cryo28ic)

Themechanical separation is based upon the assumptiontti@timestone of aggregate is stronger
and more resistant than the moreporous mortar binder carbonate. Nawrocka et §005
introduced cryebreaking of mortar pieces in a repeated freezing/thawing process to produce fine
grained material collected as water suspension, but tlesufts of 1“C dating shoed that
improvement of the binderaggregate separation process wagcessary This concept was
developed further by Marzaioli et.gR011) according the principle thaié¢ carbonate belonging to
the binder fraction is characterizeloy a more easily breakable structure compared to the dead
carbon.The procedurencludesa sequencef physical separationsiyobreaking, ultrasonication,
and centrifugéion) in orderto isolate a suspension of lder carbonates from bulk morta©nly the
suspended fraction collected after centrifugation is used for'fiizdating They tested therotocol
(CryoSoniChased on asingle step of ultrasonication of 30 mian synthetic mortars, prepared

according to the traditional production process.this case, it was known the isotope signature of
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laboratory C@Qand it was guaranteed the absenceanfy other contaminant sources (glack of
addedaggregatesyvith the exception of unburned limestorresidues Shortly afterMarzaioli et al
(2013) applied the procedure to genuine mortaamplesfrom archeological sites of knowaor
independentlyconstrained age (i.@ther “C dates on different materiglsvith the aim of checking
the effectiveness of the methodology on field samples, including the suppressieneotual
WY 3INS I JTHe Pprot&d W& @l8oate3tddton lime lumps in orttereducethe risk of
contaminationfrom calcinations relictsThe results revealetthe efficacy of the protocol for the lime
lumps selecting the calcite portion representative thie binder, but alsothe necessity to update
the classical CyoSoniC prooeelfor mortar sampledy adding a double stepf ultrasonication,
producing different timeevolved suspension fractions from the same mortar matktarzaioli et
al. 2013; Nonni et aR013). Moreover, the protocol was improvédry performingmineralogical
characterization of the mortars before the entire procedure in order to understand the nature of

the sample and to assess the presence of contamination.

Starting from the principle assumédr CryoSonicthat used the ultrasonication as the key step to

select the right fraction to datethe improvement of theprocedure developed in Cryo2Soniwas

carried out testingdifferential ultrasonication timeinterval on the same archaeological sampfe.

time trend of 10, 30, 45 anGl0 minutes of ultrasonicatiowas set The resulting suspended fractions

were isolated and datedr hefirst ultrasonication step of 10 mites produce draction much older

than the others, which however show all similar resulisehypothesis put forward was that a first

very old fraction suddenly enters the suspension andiged with younger fractionsSince he first

produced fraction was related to fine aggregatsntribution (or possibly to secondary calcite
crystallization), the original ultrasonication procedykéarzaioli etal. 2011) was split into two sub
LIKF&aSa 200FAYyAYy 3 | F NirsDitrasbnyication of 10 SiRuted antl fyalion T NP
OFff SR dadzalld TFTNRY (.R&ording 10 thiytReord theSitsl fracion including A y dzi
fine and/ordiageretic calcite, should be more easily affected by contaminations than the second,

which, on thecontrary, should reachn age closer to the real valdonni et al. 204).

Theimproved Crio2soniprocedureis detailed as followéig. 2) (Nonni et al. 2017):

1. Cryogenical breakingccording to Nawrocket al. (2005andMarzaioli et al. (2011, 2013bout
5 g of mortar is submerged liquid nitrogenuntil reachingathermal equilibrium, and immediately

transferred to an overat 80°Cand kept at a constantemperature for 1 minAfter repeatingthis
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freezing/thawng cycle three times, the mortar umbled by hand or by applyimgessure by a
very gentle hammeringn order to avoid the production unwanted fine grasize particles not

belonging to thebinder.

2. Size selectiort KS NBadzZ GAYy 3 YI GSNRI storedl ia a ZEALDEREeRwitzy R S N

~40mL of deionizedavater. The systerns left to settle for 12 hr

3. 1st ultrasonic selectiorAfter complete sedimentationthe water portionis removed using a
micropipette, followed byaddition of 40mL of deionized water to the beaker, and left to settle for
1 hr.Then a ultrasonic baths run for 10.The suspended mortar particles are totally removed and
transferred to aFalcon 50mL centrifige tube. This fraction of binder represents the fraction
potentially affected bydead carbon contaminain and/or diagenetic calcite #ad) due to the
probable presence of verfjne carbonaceous grain samdtering the suspension easily and before

binder particles.

4. 2nd ultrasonic selectiolA new volume of 40nL of deionized wateis added tothe residual
powder, decanted on the bottom of the beaker after the first sonic attackl it isleft to settle for
1 hr. Thena second ultrasonic batis run for 30 min. AbouB0 mL of water suspensiois collected
in a centrifuge tube (50 mL), avoiding any agitatiothef sedimentsThis last fractiomepresents

the suspension guaranteeing accurate dating (susp).

5. CentrifugationThe Falcon centrifugeibe containing susp carbonates and the other containing
the sand fractiorare centrifuged at 8.0 krpm in a rotor of 10 cm mean radius for 5 e watery
partisremoved and the tubess left ovendried overnight at a constant temperature of 80°This

type of fraction is considered to be representativiethe binder.

Each sample of 40 mg of carbonéatactions §usp and sandnd carbonate standards samples (i.e.
IAEA C1 and CRozanski et al. 1992) are digested under vacuum to develeplyOneansof a
complete orthophosphorc acid attack for 2 hours at 85.°The developed CQs cryogenically
purified from other gasses, reduced to graphite on iron powdatalyst according to the CIRCE
sealedtube reaction protocol (the zinc process) followikfgrzaioli et al. (2008), and analyzed to

measuret“C isotopic ratios using the CIRCE AMS sy§temasi et al. 2008).
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Fig.2: hematic representation of the Cryo2SoniC procedure (Nonni 2014).

The main advantageof the Cryo2SoniC methodology afi the complete digestion of the
laboratory isolated mortar fractioravoiding difficulties in handling tireevolved fractions, and 2)
the limited number of analyses parortar to be performedpne for each sample after methodology

accuracy evaluatiofNonni et al. 2013).

Recently, the method has been implemented by modifying some steps of the purification protocol
and adding a more extensive characterization of the mortars before and after the purification
treatment (Addis et al. 2019)At present, the pstocol Cryo28nic version 2.p cansistsof four

steps

1. Mortar characterization in order to assess the nature of the contaminants and adopothect
procedure in order to remove thenBoth petrographic and mineralogical analyse® performed
by mears of several techniques, such as optical microscopy (OM), cathodoluminesodnced
optical spectroscopy (GRS) and xay powder diffraction (XRPD). Using théormation obtained
from mortar characterization, the purification protocol is bettéefined in terms of number of

cycles and duration of each step.;
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2. Purification treatment by means of sonication, centrifugation and gravimsgdanentation The
mortar is ultrasonicatedin an ultrasonic bath by using ulture water and centrifuged. Ther,i$
suspended irultra-pure water for 20 burs, in order to obtain a dimensional separation of the
binder particles. At the end of the sedimentation time, the uppermost suspension is sampled and

filtered by using a vacuum pump system and inorganicOYlilters;

3. Characterization of the obtained powdewusing xray powder diffraction and
cathodoluminescencénduced optical spectroscopy in order to evaluatéfectiveness of the

purification treatment (i.e. the purity of the binder and the absencgeblayical carbonates)

4.14C dating of the powder that is composed by pure lime binder

Sequential dissolution
The methodpased on the principle presented by Folk and Valastro (1967) and developed by Van
Strydonckand Dupas (1991), was completed by Lindroos (2005) with cathodoluminescence

inspection of the samples and further developed incremental €@actiors during dissolution.

According tathe procedure the samples are broken into small pieces with plastieered pliers,

avoiding hammering that can produce splinter from the aggregates (contaminants). The crushed
material is sieved using increasingly fine mesh widths ranging betwe®®9 Y @ ¢ K-§ize 3 NJ A
TN OGA2Y fmnn >Y {KI (ubseguéntyowst sidzads BresentieJroiinel A y 3
method useshe 46-1 p fméfgrainedfraction, since the dissolution timmdecreases with the grain

size(Ringbom et al. 20)1

Coarser grain size fraction (390n n ischeoked fomlkalinity testwith phenolphthalein dissolved

in alcohol(Hajdas et al. 2017An alkaline reaction may indicate the presence of calcium hydroxide,
which will react with the modern GOn the atmosphere, affecting the result and leading to a
younger ageFor this reasonalkaline samples are not usually dated (Lindroos 20R&liminary
petrographic analysis under polarizing light microscopy is also performed in ordetawminethe

different mineralogical phases of mortar samples.

After sieving cathodoluminescence [({is carried outon the fine grain size fraction tdentify the
presence of contaminantsThe fine grains are spread over a glass backing glued with a

polysaccharide and placed in a vacuum chamber and irradiated with an electron héanCL
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enables to dstinguish between different carbonate phases with slightly different crystallinity and
trace element chemistry (Marshal 1988; Macheb@0Pagel 2000 he causes of the luminescence

of carbonates are defects in the crystal structure or impurities hostele crystal lattice. Thmost
important factor determining the colour and intensity of theminescence ithe Mr?*/Fe?* ratio in

the calcite (Habermann et .a2000). Binder presestusually a dark browrmolour with variations
from tile red tonearly black, whilimestone andtalcite CL colour @angeandthe quartz CL colour

is blue(Lindroos2005). In some cases, however, the contaminants are not luminescent or they have

lost their luminescence due the weathering, fire damagfe. (Heineneier et al. 2010).

The dissolution iglone in a vacuum system with 85% phosphoric atid° pouredon the sample
powder (fig. 3). The C®fractions are collected on the basis of reaction times (Heinemeier.et al

1997).The phosphoric acid reaction is the following:
CaCe+ HPQOIH / | 4 +#C@+ HO

The process starts out with a violent reaction, liberating €@n the fast dissolution of the pure
binder carbonate, and then the reaction gradually slows down, reflecting the slow dissolution of the
remaining binder carbonate and the slowly dissolving sedimentary filler carbonates and the
underburned limestonéHeinemeier et al. 2010)lhe first fraction is usually produceshd captured

in ten second®r less Two consecutive CQractions of similar sizare collected usually within 100

s and thenext increments are collected during the following ho(lrexdroos &al. 2019) Typically,

five CQ increments from abouttl00 mg samples powders are collected in order to create the age

profiles of the samplesand usually the first three are dated

During the reaction, the dissolution times and the-@&ssure are monitored and registered. The
CQ pressure is determined for each increment and the amount of carbon it contains is calculated.
Thereafter, the C@increments are split into two parts, one converted to graphite for ANMS
measurement, and th other for the determination of stable isotope ratios of carbon and oxygen
(Lindroos 2005). The conventiondC dates are calibrated usir@xCal v 4.3.2 program (Brenk
Ramsey 2017).
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Fig.3: CQ preparation line used in the laboratory of the Abo Akadenfie sample is held in the reactor vessel to the

left and the acid is introduced as excess 85R@iwith a burette. The cold trap contains isopropanol cooled down to

-70°C. C@is collected in giss vials cryogenically with liquid nitrogen (LN). Not shown in the figure is the LN cold trap in

front of the vacuum pump (Lindroos et al. 2018)

The 4C profiles are the most reliable and sensitive indicatorghef activity of the different
contaminantsand their correct interpretation is the key to successful dating. In the prdfieiC
age is plotted as a function of the proceeding hydrolysistypical profiledisplays a concave
curvature, characterized by rapidly dissolving mortar kindnd slowly dissolving contaminants.
The first C@fraction, released by the mortar binder, will have#C age close to the right
archeological agé (i KS (¢ 2 a&arefig. B). Inveannast; aNdnvex profildipping steeply
near the yaxis indicates the presence of rapidligsolving young contaminanési KS & o6 I R
in fig.4) (Lichtenberger et al. 2015)s $own in figure 5if calcareousand or gravel are used as
aggregate in the mortar, the contamination dgetectable in the profile, such as the presence of
under burned limestone fragmen(fig. 5A, Lindrocs et al 2007)and the effect of recrystallization

(fig. 5B, Ringbom et al. 2011)
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Fig.4: 1*C profile showing eithreconvex and concave curvaturésis the fractiorof reactivematerialtransformedfrom
carbonate to carbon dioxidélhe horizontal gray bam@ongthe xaxis denote the size of the extracted £f€actions

relative to the total carbonigld (=1)(Lichtenberger et al. 201modified).
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Fig.5: A) modeled contaminant effects caused by filler limestone and slowly dissolving unburned limestone residues

(Lindroos et al. 200mmodified); B)*“C profile showing the effect gioungand old carbonateontaminants(Ringbom
et al. 2011, modifield

In case opozzolanamortars, age profiles revealed a mooemplex patternas shown in figur&B.
The correct age is revealed usually in the middle of the profile, while the first fraction is affected by
young carbonatecontamination and the last fradns reflect contamination oslowly dissolving

geological carbonatéRingbom et al2011, 2014).
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In order to evaluate the results and define the true age of the samples, different reliability criteria

(listed below) have been defined (Heinemeier et al. 2010; Ringitaah2011).

Criterion | (Cl)The'4C ages of the first two G@actions are the ame (one sample per building unit

is inprinciple sufficient for a conclusive result). The rationale behind this criterion is that if there is
no age gradient (i.e. no increase in limestone contamination) from fraction 1 to fraction 2, then both
fractions are most likely free of contamination and therefore date the time when the mortar
hardened. The quoted date of the mortar sample is based on fraction 1 only in order not to

exaggerate the precision of the result (Heinemeier et al. 2010).

Most age profilesshow an icrease of contamination in late€Q fractions. If, however, the first
fractions from the same building unit consistently yield the same age, the result is considered

successful according to Criterion Il ((Ringbom et al. 2014).

Criterion Il (ClI)Mutual agreement between the dates of the first £€actions in a series of three

or moresamplesfrom one single building unit. The rationale behind this criterion is the following:
although the aggyradient indicates a degree of camination in fraction 2 (and therefore possibly
also in fraction 1jt is more likely that all first fractions have insignificant limestone contamination
than all of themhaving the same amount of significant contamination, leading to the same age

excessdr allsamples (Heinemeier et al. 2010).

Many samples yield valuable data that are not sufficient for conclusive dating, but when put into a
context it may help to clarify the chronology. However, they are not independently valihfimg,

but need suppa of age control from other dating methods and other materials, such as
dendrochronologyand *“C analysis of organic materials embedded in thetero(Ringbom et al.

2014)

Criterion 1lI(CII):Mutual agreement between the dates of the first £f@actions in two samples

from a singleouilding unit(Heinemeier et al2010).

Criterion IV(CIV) The last criterion includes samples whehe first CQ fraction from one sample

in a building unilields a date thatits into a relative chronologgHeinemeier et al2010).
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2.4. Luminescence dating of mortar and bricks

Luminescence dating is a powerful tool for age determination of the last heating or the last exposure
to light ofarchaeological and geological materidlae physical mechanism consistghe trapping

of electron charges as a consequence of the interaction with radiation and, in the subsequent light
emission, upon heating at high temperature or esp to light (bleaching eventYhe quartz and
feldspar gains found inpottery, bricks and mortars acted as dosimeters and they were able to
record the amount of radiation to which they had been exposed (Wintle 2008). The analysis of this
radiation provide the age of the manufacturing of the object. However, between thanimerals,

the use of the quartz is preferred because feldspars are affected by the phenomenon of anomalous
fading (Wintle 1973), consisting in the loss of the signal over time due to instability of the deep traps
that can lead to an underestimation of tlage. For dating, the amount of absorbed energy per mass
of mineral (1 J k§= 1 Gy (Gray)) due to natural radiation exposure since bleacRalggodose or
EquivalentDose, R) is determined by comparing the natural luminescence signal of a sample with
that induced by artificial irradiation. The time elapsed since the last daylight exposure or heating is
calculated by dividing the palaeodose by the dose rate. The latter representing the amount of
energy deposited per mass of mineral due to radiation expwsgting on the sample over a certain

time (radiation absorbed annually, Gyl/year).
This relation is represented by the following equation:

Luminescence age = Palaeodose (Gy) / Annual dose rate (Gy/year)

Luminescence dating in Archaeology

The possibilityof dating ceramics objects by the use of their thermoluminescence (TL) properties
was firstly proposed by Grogler et al. (1960) and Kennedy and Knopff (1960) and then developed by
the group headed in Oxfordniversity by Martin Aitken (Aitken et al. 1964itken et al. 1968)In

GKS T1TnQazx Gg2 &l YL S LINB LI NcalédFinegrainIZnknméringndzS & 4
1971) and coarsgrain (Fleming 1970) techniques. These methods consider grains of different sizes
extracted from the ceramicsSoon afterTLbecame a dating tool for archaeological ceramics,
Fleming (1979) discovered the potentialldffor dating brickwork. In this case, the TL dating refers

to the moment of the bricks firing. The first step of the application of this techniqueigtorical
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building was made by Goedicke et al. (1981). The results appear both precise and accurate using the
polymeral finegrain techniqueThis was confirmed by other dating works on European historical
buildings located in Denmark (Abrahamsen el8B8), Czech Republic (Cechak et al. 2000), Finland
(Hutt et al. 2001), Germany (Goksu and Schwenk 2001) and Italy (Martini and Sibilia 2001).
Nevertheless, thermoluminescence cannot solve all the problems concerning the dating of historic
buildings. In dct, TL is able to determine the period of manufactured of a brick which may not
coincide with the construction of the structure itself, because bricks are often reused (Martini and
Sibilia 2006). Furthermore, there are structures that are made with whbreck or natural materials

such as natural stones and mud bricks that can obviously noateddvith thermoluminescence
(Goedicke 2011)To overcome these limits, studies on the possibility of dating historical mortars
through optically stimulated techques (OSL) have been developed. The possibility to use mortars

to evaluate the time of construction, repair works or modifications of a structure represents an
important breakthrough in dating historical buildings. Mortar was first recognized as a suitabl
dosimeter (for the reconstruction of accident doses after incidents at nuclear power plants) by
Batter-Jensen et al. (2000ylany of them noted the problem of age ovestimation being a logical
consequence of the analytical technique employed. Thiswesvk as aMulti Grain (MG) aliquot
analysis and it consists in measuring the average luminescence signals emitted by tens or hundreds
of grains together (Goedicke 2003). The mgttin technique gave acceptable values of absorbed
dose only with welbleadhed samples whal it obviously overestimateith poorly bleached grains. In

fact, many mortars contain grains that were not sufficiently set to zero by light (optically bleached)
during mortar preparation and consequently they emit too high luminescencaksigUrbanova et

al. 2018)The development of the Single Grain technique-C8$L) (Murray and Roberts 199uller

and Murray 2000; Murray and Wintle 2000; BgtteEansen and Murray 2002) based on the OSL signal

of each single quartz grain, has alloweck tidentification of the besbleached grains in a
heterogeneously and/or incompletely bleached mixture. This technique is highlyciom&uming
because usually only less than a few percent of the grains give acceptable signals. The analysis of a
huge numbe of grains is therefore required (Duller et al. 2000; Goedicke 2003, 2011). Recently
published studies on mortar dating (Urbanova et al. 2015; Urbanova et al. 2016; Urbanova and

Guibert 2017 Panzeri 201)ydemonstrate the efficacy of this method.
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Thermoluminescence (TL)

Thermoluminescence (TL) describes the light emitted by a mineral when heated. The light originates
from captured electron being freed due to heat stimulation and subsequent recombination. In order
to perform TL measurements from @mic samples, the so called fhgeain technique
(Zimmermann, 1971) is mainly used. It consists in the selection of the grain size fraction between 1
Iy R ywitheurany mineral separatiorAfter a 2 mm layer from the surface has been removed,

the pottery fragment is crushed with a mortar or thewder is sampled using a driBy washing

the products of this operation in acetone, a suspension of fine grains is obtained. Making use of the
fact that the settling time is determined kgiameter, grains in tie size range of 1 to 8 mm are
separated. The grains obtained are resuspended in acetone and allowed to deposit on stainless steel
discs in a thin layer of a few microns thickness. Then the sample is typically heated to about 500°C
to release the trapped ettrons. The curve representing the intensity of emitted light as a function

of the temperature is called glowurve, that usually comprises a series of peaks. The-glowe

shape and intensity depend on the type and energy of radiation. The resultinggmal is

proportional to the number of the trapped electrons and thus to the sample age.

Optical Stimulated Luminescence (OSL)

The Optical Stimulated Luminescence (O$lhe light emitted by a mineral by shining a beam of

light onto it(Huntley et al 1985)OSL is applied on the quartz sand extracted from the meawaple

and it allows the dating of the last exposure of the mortar aggregate to light and this corresponds

to the moment of mortar makingZ@acharias et al. 2002The samplepreparation method mainly

uses for OSL dating is thearse grain technique={eming 1970). konsists in a first step in which

iKS alyYLXtS Aa aASOSR G2 || LINIAOES aAlS o0SisoS:
that removes the eventualnesence of clay and a series of chemical attacks (HCI gbg for

eliminate carbonates and organic materials are carried out. It is then perforrdedsatyseparation

using sodium polytungstate solutido eliminate heavy minerals and, subsequently, to separate
quartzfrom feldsparsetching the quartz grain inoncentratedHF, which is also needed to remove

GKS SEGSNYyIlLt fFeSNBR 27F | dzl (M&dahl B&) Finglly, anbther §  NX
treatment in HCI is performed to eliminatny fluoridesproduced Zacharias et al. 200Preusser

SG td wnnyood LG A& (KdzAa 2060FAYSR | LR26RSNI O2
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All the sample preparation phases are made in semi darknesg ased light, sincthe light could
bleach the OSL signal retained in quartz graihss procedure i standard for the OSL dating

protocols

One of the major problems in OSL dating is the incomplete bleaching of the latent g\gnal.
incomplete zeroig of the OSL signal can be due to the presence of quartz of different origin whose
bleaching characteristics can highly vary, as well as to the short duration of the exposure to light
during the manufacturing processspecially for what concern the mixiagd working procedures

at the construction siteGoedicke 2003, 2011Panzeri 2013Panzeri et al. 201 Stella et al. 2018
Panzeri et al. 2009The plateau test is one of the approaches to investigate if the sample has been
completely bleached pridihe mortar setting.The test consist® plot the palaeodose as a function

of optical stimulation time. The basic idea behind this approach is that the signal during initial
stimulation and at lower temperature, respectively, is more lighhsitive than hie subsequent
following signal. As a consequence, one would expect an increase of palaeodose with stimulation
time (temperature) for incompletely bleached samples and a flat shlageauplot for samples

that were completely resetRreusser et al. 2008).

Determination of the palaeodosé€De)

The measurement of palaeodose comprises three different steps: irradiation, preheating and
measurement of luminescencéradiation is carried out to induce a latent luminescence signal in
the quartz grains and is performed by using either beta or gamma calibrated sources. During
artificial irradiation all traps, including those unstable over longer time periods, captectrens.

To allow comparison with the palaeodose absorbed over the burial time, the unstable component
of the luminescence signal has to be removed, and it is achieved by heating the sample causing
eviction of the electrons caught at shallow traps (Muraayd Wintle 1999). Once this preheating of

the sample has been performed, the luminescence is measured by stimulating the sample with light

The evaluation of th dose absorbed by the samplee([@onsists of a comparison between the
luminescence signal obined from sample without having been subjected to any artificial
irradiation in the laboratory, with the signal obtained artificially, in order to find the relation

between the intensity of luminescence with the dose absorbed by the saimpteinciplethere are
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two different approaches to determine the palaeodose: additive dmrs# regenerative dosén the
additive dose approach an artificial laboratangduced signal is added to the natural signal, while in

the regenerative dose method the latent luneiscence signal is first removed and the sample is
then irradiated and a laboratory signal regenerated. For both approaches, a so called dose response
curve is calculated reflecting the increase of latent luminescence in the mineral grains with
increasingdose.The additive dose method is used for TL dating, while regenerative dose method

for OSL dating.

The additivedosemethod

The additive method utilizes the multiple aliquatsethodology(MAAD Aitken 1985. A number of

equal portions (aliquots) are prepared and divided into groups, with typically 4/6 aliquots or more
in each group. One group is reserved for measurement of the natural OSL and the otheragmups
artificially irradiated before being analgd, with the addition of an artificial dose to the natural
dose The luminescence signal from the natural dose, as well as the natural plus added doses is
plotted against the added doses (zero added dose for the natural) and the reiatfited with a

linear curve, which describes the growth of the luminescence signal with increasing dose (growth
curve). The additive growth curve is extrapolated to the dose axis to provide an estimate of the
PaleodoseThe major disadvantage of a mulgmliquot approach is that each aliquot often behaves
differently (due to e.qg., variable sensitivity changes, incomplete and variable bleaching, etc.) giving
rise to scatter in the data (Preusser et al. 2008}his case, it could be necessary a norgadion,
irradiating all aliquots with same dose (Duller 1994; Wintle 1997) and repeating the luminescence
measure. This method is therefore suitable for samples for which heterogeneity is zeroing may be

excluded.

The regenerativelosemethod

The main aspédoof this approach is that all measurements acarried out on a single aliquot of
sample avoiding problems related to the normalizatidrhe main advantageof the methodologies

are the improved precision, rapid measurements and less sample ne@@eiterJensen and
Murray 2002) The most widely used protocol for single aliquots for OSL measurements is the Single
Aliquot Regeneration protocol (SARjainlydeveloped byMurray and Wintle (2002003).In this
protocol, the natural luminescence sigmameasured from all single aliquot and then the laboratory

doses are given, with several cycles of artificial radiation and reading of the. Sipeabbtained
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values are used for the construction of the response curve for each single aliquot. Oncevhésc
drawn, it is possible to have the value of the paleodose by interpolation, by means the intersection
of the OSL natural signal with the growth curdéhe critical disadvantage is that an error in
paleodose will occur if there is a change of senistbetween measurement of natural OSL dhel
laboratory regenerated OSL (Murray and Wintle 199he luminescence sensitivity of the aliquot
changes depending on the laboratory procedures (e.g. the temperature and duration of the preheat
treatment), ard conditions during burial (e.g. ambient temperature) (Duller 2008)carry outhe
sensitivity correction, a soalled test dose, which remains constant during the whole protocol, is
given after measuring each regenerative (including natural and zero) @d8etle and Murray
2000. Thusthe SAR protocol comprises different steps: give dose Di, preheat, OSL reading (Li), test
dose Dt, preheat, measured OSL (Mijiray and Wintle 2000)Theperformance of each individual
SAR cycle ialso verified by two internal tests: recuperation and recyclirajio. Thefirst test
(recuperation)consistsof a new OSL measurement, at the end of each cieleheck if the sample

has been emptied after each irradiation reaching the complete bleadBintier 2008) The second

test (recyclingatio) confirms whether correction for sensitivity change was succedsfalrecycling

test consists in applying theame regeneration dose in two different cycles, and giving the ratio of
the sensitivity corrected luminescence signals from the measurementsA basic requirement

that proves the suitability of the SAR protocol is that a known dose thgivénin the laboratory

can be retrieved by the measurement procedure. For testing this;@bed dose recovery test is
carried out during which the natural signal is first opticaliyachedand then a known laboratory
dose is given to the sampl&his known dosesithen treated asinknown, applying again the SAR
protocol. If the result of this measurement is still the same, then the parameters used for the

determination of equivalent dosare appropriatgDuller 2008Preusser et al. 2008).

Determination of thedose rate

After obtaining the palaeodose, the next step for the age determination for a sample is the
assessment of the rate at which the radiation dose was delivered to the mineral girainmsst

cases, the accumulated dose per unit time, the dose fatnstanti K N2 dz3 K2 dzi G KS LIS
of the tested sampleThe annual doseate absorbed by the samples is the sum of the contributions

of the internal radioactivity of the material and of that of the radioactivity of the surrounding
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environment In both cases, the responsible radioisotopes are the radioactive fam#figs232Th,
40K and, to amuch lesserexteffwo @ ¢ 2 (KSaSzT G4KS O2yGNRodziAzy
to be added.

The annual dose can be written as the sum of diffe@@ y G NA 6 dzi A2y a hs 13X 1Y
5 I %Hih b B4 0602aYA00

The doseate is evaluated by assessment of the radioactivity of saenple and byon site
measurement An important aspect is the estimation of desse in the presence of water.
Therefore, for a relsstic estimation of total annual dose, it is hecessary to take into accdnt t
water content of the sample because the moistuinethe interstices of sediments absorbs part of
the radiation that would otherwise reach the grains. Hence, the dose ratarmple containing
moisture is low than that in the same dry sediment and if the effect is ignored, there may b
underestimation of the age (Zimmerman 197Another parameter to be considered in the final
calculation of the dose rate is the grain sizesaimple because the dimension of grains varies the

capacity of absorption of the sample, as explaibetbw (Wintle 2008)

Dose rate fofine grain

For samples prepared fowingthe protocol fne grain forTLdating, the annual dose&aluecan be
evaluatedfromi KS h X i |yR * NI}IRAIFIGA2Y RdzS G2 (GKS Ayl
FYR FNBY (GKS O2a4YAO NIYRAIFGAZY | y@&imuekntn 1971R2 4 S
Wintle 2008)In fact, during the sample preparation tRemm outer are removed and the radiation

h | yR I SEROSBNYIKIS SYFANRYYSYyld Aa yS3AtAIA0f ST &Ay
ofabout260n >Y3I @gKAt S {BKB. The tdtdabanfial Ndsdif& samples prepared

according to thdine graintechniguecan then be written as:
138 1 LItS2R2a8Sk 5" b 5i b 5! b

5hf h FNRY (GKS &F YL S ®igMiK EKNXXRAKSE G2 NMNEGS
correction)5* ' 1+ O2 Y LiBayh§e/aind tie Envifbiitr@ntaDc= cosmic ray component.
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Dose rate for garse grain

For samples prepared lfowing the oarse grairprotocolfor OSL datinghe unique contributions

to consider are those from K § yiR + NI RA I (i A @&gicked201AieliconB8ibution ofy T D
h particles can be neglectedhey can penetrate only the dermost layer of the grains (20Y,
Preusser et al. 2008which is removed during the physigdiemical preparation phase of the
sample through the attack with HF. The total annual dose for samples prepared according to the

coarse grain technique is:
Age=LJ- £t S2R24Sk 5i b 5! b 50

5i I | safp@ Y5: T 1 O2 Yshdplé Snd énvidrimenDe=Sosmic ray component.
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CASE STUDlY MEDIEVAL MODENA CATHEDBRESCO SITE

3. INTRODUCTION AND AIMS

3.1.Introduction

The seismic everthat hit the Emilian plain in 2012 caused an extensive damage to the historical
and artistic heritaggCandigliota et al2012; Decanini & al. 2012; Indirli et al 2012 Parisi and
Augenti 2013Andreini 2014 Graziani et aR015. More than two thousad earthquakes occurred
from May 16 to June 26, 20hd seven of these with a magnitude greater tham\womain shocks
took place on May 20, 2012 (02:03:52 UFDale Emilia (MOMw 5.9, PGA 0.078and May 29,
2012 (07:00:03 UT ®ledolla (MO)Mw 5.8 PGA 0.10)(ISIDehttp://iside.rm.ingv.it/; Dolce et al
2012Report | and )l

Thecathedral masonry crossaults of theUNESCO World Heritage Site of Modena suffered several
damages antheir conditionsappearedalarming The 29 May 2012 Emilia earthquake caused some
masonry blocks falling from the nave and aisles vaults, especially next to the facade and the apses.
The survey of the cracking patteinowsthe presence of neviracturesand thatpreviousoneshave

been reopenedBaraccani tal. 2015;Baraccani et aR017;Baraccani et aR019).

An antiseismic reinforcement project was planned with the aim to determine the vulnerability of
the cathedral analyzing the damagysuffered in the pastThe structural restoratiorand the
strengtheningplan were formulated and carried outy StudioTecnico Silvestof Modena (Elena
Silvestri, Architect, and Professor Tomaso Trombetti, Engireaed) funded by Regione Emilia

Romagna (Baraccani et 2015).

My researchhas pursued in parallel with theonsolidationwork and ithas found the supporby
UNESCQOIhe aimof the studyis to investigatethe building materials antb clarify the history of

the vaults building and repairsAccording tohistorical documentgDondi 1896; Baracchi and
Giovannini 1988; Baracchi 1993), the vaults were progressively added to the main framework during
the 15th century butthe issues regarding the construction phases and the restoration s\
uncertain and aclear. Therefore the absolute dating of building materials represents the only way

to obtain reliable data.
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The thesis applies amtegrated approactusng three independent methods: radiocarbon dating

and Optically Stimulated Luminescence for dating mortars and Th&rmimescence to date bricks.

The comparison afwo accredited different sample preparation techniqoé mortar (Cryo28nic
and sequential dsolution) for radiocarbon has been performed in order to identify the most

successfuand suitable methodor lime mortars rich in carbonate aggregate

3.2.Problemdefinition

At the beginning ofhe researchwhenthe restoration projecbegan, preliminarysurveys have been
carried out on the extrados of the vaults in order to investigate the buildlimgstudy hasbeen
performed removinghe thin plaster layer that covered the bedding mortars and the bridkse
surveys revealedhat large portions of thevaults were constructed usingwo different type of
mortars: gypsum mortars and lime mortar§hese unexpected data suggest different structural
restoration carried outn the pastusing different materials and techniquegrobably related to

damages suffeed after the main earthquakes which struck the area.

The first part of the research was focusatthe mapping of the building materials aadsystematic
samplingwasperformed forthe compositional studyMoreover,the CPTI15 earthquakes catalogue
(Rovida et akR016)was examinedh order to identifythe seismic events that have actually affected

the Cathedral vaults.

Thesecond part of the research was focusedpplyingthe absolute datingechniquesof building
materialsin order to clarify the history of interventionRadiocarbon dating by Cryo2sonic and by
sequential dissolution and Optically Stimulated Luminescence have been carried out to date the
lime mortars and Thermduminescence to date bricks. For the corregbphcation of the
radiocarbon dating and for the interpretation of results, petrographic characterization of mortars
has been performed. Moreovethe analysis of theollen tragped in themortar has been tested in
order to identify chronological markers particular for the gypsum mortar that is not directly
datable.The dates know from historical documentbave been used to constrain the results of the

absolute dating methodologies.
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3.3.Aims

The objective®f the study are

T

Obtain information onthe provenance of raw materials and the features of the building
materials used for the construction of the vaults and their restorgtion

Provide new consideration about the timing of the original vaults construction and the
history of thelater interventions

Correlate the renovation wogkto the earthquake chronology deduced from the historic
catalogue (Rovidateal. 2016;

Assess thegulnerability ofthe actual state of the Cathedral and clarify the damages suffered
in the past

Perform the absolute datingfahe phases of construction andpair;

Verifywhich absolute dating method is the most suitable for this researahtestdifferent
preparation techniqudo the same set of samples in ordercompare thecapabilitiesand

identify the most successfuhethod.
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4. MODENA MEDIEVAINESCO SITE

The Modena Medieval monumental compleansists irthe Cathedral, the Civic tower Ghirlandina
FYR GKS o0dzAf RAy3a 7T @gey b 1WMde MB aa tRSION I INSRNIGY R
| SNA G 3SKS aNai8dzySy Gt O2YLX SE 461 a odAtldG o0Sis

foundationmarked on a stone on its facadand 1319, when the constructiomdhe Ghirlandina

was completed (Piccinini 2009).

Fig.6:the UNESCO site of ModenEhe main fagcade, the southern side of the Cathedral and Civic tower Ghirlandina.

Due the lack of documentation and the several transformation and addition that occurred over time
(Acidini Luchinat et a1984),the chronological sequence of constructiohthe Cathedral is difficult

to interpret and is still subject of discussion (Silvestri 2013)

Thelaying of the first stonef the Cathedrahappenedon 6" June1099and the constructiorwas

carried outunder the coordination of the architect Lanfranco and sculptor Wiligefmnaceedingn

parallel with the erectiorof the lower portionof the tower GhirlandingDieghi 2009}_.abate 2009)

The inscription on the southern side of the Cathedral celebratestimsecration of the building on

12nd July 1184, suggesting that the construction was complé&etveen the 12th and the 13th
centuriesthe Campionesi MastereJSNF 2 NY¥SR AAIYAFAOLIYy(d Y2RATAOL
structure addingsome gothic arcltectural elementsand they completed the construction of the

Ghirlandina Tower, building theody of the bell tower (Piccinini 2009).

The athedralis liturgically orientedbasilicawith three naveslosed bythree semicirculampsesand

a false transeptlt has a presbytery ianelevated position, due to the presence of a crypt containing
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the corpse of the city's patron, Saint Geminianus. €hetral nave hasive large spansvhile the
lateral aisles have eightvhose dimensions arkalf the sizeof the centralones.Theinterior space

is divided by sturdy pillars and large columns used alternated for the support dfsthecentury

vaults(fig. 7).

Fig.7:the 15th century vault®f the Modena cathedral

4.1. Construction timing of the vaults

According to Baracchand Giovannini1988) the vaults were builin order to preventdangerous
water infiltration from the wooden roodf the Cathedrahndtheir construction started in the 1404.
Baracchi (1993)eports acontract of 1404in which is exprssedthe will of Rangone Petrazzini,
Massaroof the Fabbriceria(who is responsible for the administration and preservation of the
Cathedral) to build the five vaults of the central nave, with the agreement of the bishop Nicolo
Boiardi.The work was assigned the Master Bartolomeo de Foco wheas committed to start the

construction of the five vaults in May 1404 and to finish it avémber 1404However the project
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was notcompleted.The contract is included in a deed of 4 May 14t4yhich is documented the
suspension of the wortew years after the beginninglue tothe dead of the Master Bartoimeo
de Foco and th#assarq and the resumption of work with the electiontbife newMassaroAlberto
RangoneThe deed ofl5 Februaryl415reports that onlythe most eastern vaulkvas completed
and that the construction for the other vaults wasspendedTherefore,t can deduce that the first

vault was built between 1404 and 1415.

The construction of the vauligroceeded30 years laterThe will to build a new vault next to the
one already in existence is report@udthe testament of 26 December 1436 of thew Massaroof

the Fabbriceria Lodovico Roncosifregids likelythat he died several years later because his heirs
made the deed for theonstructionof the vaulton Junel443 The work was completed in 1445, as
reported the deed of 25 March 1445n which isindicatedthat the vault was alreadpuilt and
painted by GvannidaModena.

After the conclusion of the second vault, the widow of Lodovico Roncosifrego, Costanza Albicini,
decided to continue the work. She diateéd in her testamenthe wishto build a new vaulhext to

the one built by the will of the departed husbarihe testament is included in a deed of 4 November
1446, in which is also reported the dead of the woman and the expeatgthbing of the work in

the same yearAt the end of the deed, the agreemeconcluded between the son of the woman

and the bricklayergs described. The lattefStefano da Ferrara and Giacomo da Rubienalertook

to finish the construction on August 14404t no documentindicatesif the project was really

realized following tis timeframe(Baracchi 1993).

The last two central vaultsere built, respectivelyfor the will of the family Forni and Fontaaad
the bricklayer Giacomda Rubiera was commissioned the wdBaracchi 1987)On September
1453 the vaults were completed ahpainted by Giovanni da Modern®aracchiand Giovannini
1988).

Although the initial intention was to build the five vaults of the central nave in few monktes, t
construction took several decades, frof04 to 1453 thanks to the contribution of private

benefactors

Unlike the central vaultshe construction timing of the lateral aisles is pi¢ntydocumented Only
few information appearedn Baracchiand Giovannin{1988, where is reporteda deed of 25

February 133 in whichthe will of family Guidoni to build the two most western vaults of the
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northern lateral aisles expressedThe deed also mentions that the two parallel vaults, in the
southern lateral aisle, have already been bulitcording to Dondi{1896), the constrution of the

lateral aisle was concluded i4d34.

The construction phases the vaults, deduced from the higiec documents, is shown in figure 8.
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Fig.8: building phases of the Modena cathedral vaults

4.2. History ofthe restorations of the vaults

In order todeterminethe vulnerability of the Cathedral, it is fundamental identify the damages
suffered in the pasand reconstruct the history of the restoratiomn this phase of the researche
catalogue of the historic earthquake was consulted ideorto identify thedamaging earthquakes
that may have affected the Cathedral and the historical sources were investigdtedlocuments
(Dondi 1896; Baracchi and Giovannini 198pprt that severakestorationswere carried outduring

the 16th century mmediately after the vault constructiobut no more information are given for
the subsequent interventiosuntil the 19th century when the consolidation project of the Cathedral

and the Tower startedAcidini Luchinaet al. 1984)
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4.2.1. Catalogue of ancienéarthquakes

Theresearch was carried out examining tR#PTI15 earthquakecatalogue (Rovida et al 2016).
According to criteriafollowing in Baraccani et al(2014), several damaging, great moment
magnitude (Mw) and high Peak Ground Acceleration (PGA) ealtlequakeshave been selected

These significant historical earthquakes occurred after the vaults construction and with epicenters

located in various area# table 1 thechosenearthquakes are reported.

Year Epicenter PGA Magnitude (Mw)
1474 Modena 0.232 4.30
1501 Castelvetro (MO) 0.187 5.82
1505 Bologna 0.055 5.41
1584 Tuscan-Emilian Apennines 0.025 5.99
1586 Spilamberto 0.091 4.53
1660 Modena 0.172 4.25
1671 Rubiera 0.129 5.23
1688 Romagna 0.028 5.85
1811 Sassuolo 0.072 5.09
1828 Staffora valley 0.012 5.55
1832 Reggio Emilia 5.51
1850 Modena 0.144 4.53
1873 Reggiano 0.059 4.93
1873 Eastern Liguria 0.032 5.47
1909 Bassa padana 0.028 5.48
1919 Mugello 0.043 6.18
1920 Garfagnana 0.062 6.48
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1923 Formigine 0.105 5.05
1928 Carpi 0.059 4.54
1931 Modenese 0.066 4.54
1934 Vignola 0.037 4.06
1967 Formigine 0.072 4.09
1996 Correggio 0.064 5.26
2012 Finale Emilia 0.078 5.90
2012 Medolla 0.107 5.80

Tab.1: list of theearthquakes occurred after vaults constructiaith great Mw and high PGA vakie

4.2.2. 16th century restoration works

The first intervention after th&aultsconstructionis attested in 1455 when one of the vasih the
Y2NIKSNI FA&AfS 6bto 61 & RIVYVEHBSRSO GDOMIRASSH Kchvi Q2R & ¢
years later, in 1462, Giacomo da Rubiera was commissionezptor one of the northern vaults,
probably the vault N2, wherthe new orgarwas placedwhile in 1481 the northern vaull5 was
mendedafter the collaps2 ¥ G KS NB2F 04t SNI FIFNJ O2y 1T | NB dzy?2
/ 2Ydzyl OKS SNI OBaracchind Qiovard&ini9ss) The ylo8H@r@ aisle near the

Tower Ghirlandina ishe mostprecariousbecauseof the weight of the snowhat melts slowly in

the north side, and the falling of marble slabs from the Tower (Baraauthi GiovanniniLl988).

Another restoration was performed ih490 this time onthe southernvault of the altar of Saint
Bartolomeojdentified with the vaultS46 a¢t SNJ FI NJ 02y 1 I NB dzy2 LIST 2 RS
sopra la volta de laltare de San Batolome draRedz{i Baxatchiand Giovannini988)

As reported in the sourceDpndi 1896;Baracchi and Giovanninil988)the vaults suffered the
greatest damage aftetwo strong earthquakes occurred in the 16th centufhe earthquake of
1501 (Castelvetro (Mo), Mw 5.98, PGA 0.B®vida et al2106) aggravated thevulnerable

conditions of some vaidtand different interventns were performed:
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-tie-rods were added toaults2 ¥ G KS € G NJ 2 T -Sa@)BafiadcNend GoRayirling o O |
1988)

- the central vaults close to the fagade (s repairedand the damaged wooden beams of the
roof were replacedbdry |  Odzf YS3IyYy Il a2 LINI € 3Jan8GidvandidIes);2 f S

- the pillars of the central nave that withstand the weight of the vaulése reinforcedd ¢ A Y LIA 2 YO |
f A LA I aamIsievannini®sB)l OOK A

- the new saasty in the northern side of the Cathedrah proximity of the vaults NBI2 was
renovated(Dondi B96)

After 4 years, another damaging earthquake occurf@dlogna, Mw 5.57, PGA 0;0Bovida et al

2106) and furtherworks wereneeded:

- tie-rods were added to thaorthern vaultof the altar of Saint Caterina aride northern vaultof

the pulpit (NZN6) Baracchand Giovannini988)
- the fractures on the facaderere mended Dondi B96).

In the following years, the condition of the roafeteriorated and many restorations are
documentedbecause of its collapsen the vaults. In particular, in 1511 the northern vault of the

organ (N2) was damaged due the abundant snowfall, while in 1518ethieal vault C4 was rebuilt
64{LISES LISNJ FINB Af O2LISNI2 RSt R2Y2 RIftl @2
Baracchand Giovannini988).! A Ay > Ay wmMpmpI (GKS y2NIUKSNYy @I d
la volta dove é li mantexi de 2 NB | aya&chiahd Giovanninl988 and in 1533 the reconstruction

of the wooden roof was carried o@Baracchand Giovannini988)

Figure Sshows the several vaulteat have suffered damages in the pastregorted in the historical

sources.
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Fig.9: late interventions on the Modena cathedral vaults

4.2.3. 19th century restoration project

In the first half of the 19th century, a conservation project of the Cathedral was planned and
different surveys were carried out on the 15th century vaulse inspections were performed in
order to verify thestate of preservatiorof the roof structure, especially after the earthquake of
1832 Reggio Emilia, Mw 51; Rovida et al2016). Several fractures werdetectedon the vaults

and the impairment of thevooden roof wereidentified. In particular,it was recognized that the
presbyterial vault (C1) and the lateral northern vaults were the worst preserved, while the central
vault close to the facade (C5) appeared more recent and well presdRistbni 1977; Acidini
Luchinatet al.1984).

In 1840 thefinale report ofthe strengthening interventionsecommended to renovate the roof of
the central naveto rebuild the central vaults C1, C3 e &wlto reconstruct the roof of the sacristy
(Pistonil977)

According to Acidini Luchinat al. (1984) in 1841 the consolidation work was concluded but it
should be noted that not all the activities that were projected were carriedamdt that is difficult

to pinpoint which interventions were actually germed.
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To conclude, it should be take into account als®damages caused to the vaults during the Second
World War. The aerial bombing of 13 May 1944 affected the southern side of the Cathedral, in
LIF NI A Odzf F NJ (0 KS R 2damibing thanalvaults R&ih thet dok (BEHA(ATKIAI
Luchinatet al.1984).

4.3.Damages 2012 earthquake

After the 2012 sequence seismic, thmain vulnerabilitiehave been identified on the 15th century
vaults. The mapping of the fracture and crack netwaosksealed aralarming situation sincenost

of the fractures previously assessedere re-opened as shown in figure 1(Baraccani eal. 2015;
Baraccani etal. 2017; Baraccani et a2019). The antiseismic reinforcement projedbas been
plannedin order toincrease thesafety level of the Cathedral and several interventions have been
carried out. The extrados of the vaults has been consolidated by injections of lime and by putting a
new layer of lime reinforced with carbefiber mesh, while the plaster of ¢hintrados has been

consolidated and the cracks have been filled with lime (Baraccani et al. 2015).
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Fig.10: map of the damages and the cracks detected on the vaults after the 2012 earthquakes
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5. MATERIALS AND METHODS

At the beginning of theeinforcement work, the thin lime layer that covered the vaults was removed
and adetailed survey was carried out on the extrados of the vaultsrder toidentify the type of
mortars embedded with the bricksThe first part of this chapter concerrise mapping and the
systematic sampling of the building material. The compositional shadybeerperformed trough
the petrographic characterizatioof the mortars following thenethodologyapplied for the Tower
Ghirlandina l(ugliat al 2010)and Finale Emilia Town Hall (Lugli e28l16) The methodallows to

identify the raw material sources of the mortars athd history of the building techniques

In thesecond part of the chaptethe absolute dating methodsf the building materialgsreported.
The radiocarbon dating of lime mortars is presented and thie $ampk preparation techniques
(Cryo28nic and sequential dissolution) are describ&EL orime mortars and TL on bricks have
been used to test the radiocarbon results using independent methodolodieseover,the analysis
of the polken, trapped in the mortars, hdseen applied for the reconstruction of the environment

at the time of the mortapreparation.

5.1. The sampling

Several surveys have been carried out on the extrados of the vaults. The first investigaticn
performed removing the lime layer of the vaults only in few and small sextimr each uncovered
area of the vaults, the mortatlype was identified. Theurvey revealed that portion of the vaults
were constructed using both lime and gypsum mortar. @i@). In order to clarify the building and
restoration chronology, a systematic sampling was performed for the absolute dating béitlling
material (fig 12). The choice of the samples has been made considering the materials and the type
of analysis to perfornMortars and bricks were sampled from the same placeseBchlime mortar
sample the embedded brick was collected with the aim to compare the absolute dating relults.
the case of portions built using gypsum mortar, that is not directly datable, the brick fragments were
sampekd for TL datingThemortar samples for OSL dating andchs for TL datingvere sampled

using a chisel and a hammer under dim red light and they were put into a black plastic bag
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Fig.11: mapping of the binder detected
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A total of fortyseven samples have been collected: twentge mortar samples (gypsuand limé

and eighteen bricks fragmen¢gg.13).

Fig.12: ampling point of the central vault C1: A) arealCdypsum mortar; B) area €llime mortar
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Fig.13: ampling points of mortars and bricks
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Once thelime layer that covered the vaults wastally removed a detailed mapping of the vaults
has been completedtigurel4 shows the complex scenario that was detected: large portions of the
vaults were built using either a gypsum or a lime binder and the scars of several earthquakes,
repaired usig different binderswere revealedThe result is a complex patchwork of lime repairs
over original gypsum vaults and gypsum repairs over original lime valdtapparent systematic
construction criteria were followed to dictate the use of lime or gypsunders.

In particular,the central vault C5 appeared to be the most modified over time: as shown in figure
15 three different type of mortaflime, gypsumG1 and gypsum G®jere identified and for each
portion new samples (mortar and brick) were collettdhe gypsum mortar G1 and the gypsum
mortar G2 present different grain size, detectable during the macroscopic siBample G1 appear
acoarsegrain size gypsumortar, whilesample @ fine-grain size gypsum mortarhese two type

of gypsum mortars (Gand G2) were recognized also in the central vault A&tording to the
restoration work schedule, it was possible to carry outiaourate study of the gypsum portiamly

on the central vaultsC4 and C5Thus,it cannot be excluded thatlso theremaining vaultsvere

build and/or modified usinglifferent type of gypsum morta such as G1 and G2

47



N9 N8 N7 N6 N5

N4 N3 N2

~caflll =

S9 S8 S7 S6 S5

I LIME MORTAR

sS4 S3 S2

I GYPSUM MORTAR

SCALE 1:100

Fig.14: detailed mapping of the portions built using different bindéme and gypsum
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Fig.15: accuratemortar recognitionof the vaults C4 and CHhe figure shows the portions build using lime mortar,

gypsum mortar G1 and gypsum mortar.G2

The final amount of samples collected is fifityee, thirty-two of mortar samples (lime and gypsum)
and twenty-one brick samples. Treamples selected for absolute dating and pollen anaigdisted

in table 2 The absolute dating was performed on the same set of samples in order to compare the
results and test the different methodologies.

Nine lime mortar samples were selected to prepared for radiocarbon dating following the two
methodologies of sample preparation. The samples belong to the central nave vaults and to four
lateral aisles, three northern vaults and one southern vault, where the most complex and interesting
situationwas recognized. In particular, the vault N3 is one of the most vulnerable of the northern
vaults, as reported by the historical sourcasd the vault S9 is the only southern vault that presents

a portion built using lime mortar.

The Luminescence dating was performed on the same vaults selectétCfdating Fifteen brick

sampleswvere chosen for TL datirand wo lime mortar samplefor OSL dating.
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The pollen analysis was tested six mortar samples chosen according to the al$e dating

results.

In figure 16 the samples selected for absolute dating are highlighted onetkteados plan of the

vaults.
Vault | Sample name Sample Expected age Method
C1-1M lime mortar ¢ dating by Sequential dissolution
C1 - 1404-1415
C1-1L . bricks -
(lime mortar)
Cc2 C2-3M lime mortar 1443-1445 ¢ dating by Sequential dissolution
14 . i
C3-1M — C dating by Cr\./0250n.1c and
Sequential dissolution
Cc3 1446-1447?
ick
C3-1L _ bricks TL
(lime mortar)
C5-1L _ bricks 5
(lime mortar)
14 . w
C5-aM FfE FioaT C dating b.y CrYo2son.|c and
Sequential dissolution
C5-aL . RS TL
(lime mortar)
C5-5Mm lime mortar HE dating by Sequential dissolution
cs C5-5L i 14477-1453 TL
{lime mortar)
C5-6M gypsum mortar Pollen analysis
C5-6L aricks TL
(gypsum mortar)
C5-7M gypsum mortar Pollen analysis
bricks
C5-7L ' TL
(gypsum mortar)
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bricks

(lime mortar)

N3-1AL TL
(gypsum mortar)
N3-2AM lime mortar 14C dating by Cryo2sonic
N3 /
N3-3AM gypsum mortar Pollen analysis
N3-3AL Bricks TL
(gypsum mortar)
bricks
mésdle (lime mortar) T
14 < >
N8-1M e figrtar C dating by Cryozsoquc and
Sequential dissolution
N8 N8-1M lime mortar 1433-1454 O_SL ,
multi grain
N8-2M gypsum mortar Pollen analysis
N8-2L biricks TL
(gypsum mortar)
N9-1L ks TL
(gypsum mortar)
14 v ¥
N9 N9-3M lime mortar 1433-1454 wdatingby Copazsank. and
Sequential dissolution
N9-3L el TL
{lime mortar)
S$9-1M gypsum mortar Pollen analysis
59-1L brigkes T
(gypsum mortar)
14 g -
$S9-4M T —— C dating bY Cronsoqlc and
Sequential dissolution
: OSL
S9 S9-4M lime mortar 1404-1433 e
multi grain
SL
S9-4M lime mortar : 2 ;
single grain
S9-4M lime mortar Pollen analysis
59-41 bricks TL

Tab.2: list of the samples selected for absolute dating and pollen analysis
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Fig.16: samples selected faabsolute dating
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5.2.Characterizatiorof mortars

Thepetrographic analysis of mortapovides valuable information on ancient mortars technology
(Pavia and Carg008) and irepresentsa fundamental bol for the determination othe supplying
sources of theaw materials(sand and rocks for lime productio(hlughes et al. 200L;ugli et al.
2007;Fratini et al. 2008)This information is to take into account during the manufacture of new
building materials for the restoration workMortar cannot be reusedas bricks, andits
characteristiccan be utilizedto indirectly distinguishdifferent construction phases of historic

buildings (Lugli et al. 201Qugli et al. 201,3_ugli et al2016).

The mortar samples were vacuum impregnated with epoxy resin to obtairstgtions, that were
observed under the optical microscope fransmitted light. The main mortars features were
described using as a reference the Document-Nbiimal 11176.The invetigation enables to
determinethe composition of the aggregate, the grain size and the morpholbgysortinggrade
the type of binder, the presence of additives, the porosity and the crackiugthermore,
radiocarbon dating requires the petrographitacacterization foridentify the presence of
contaminants The petrographic analysis was performesingoptical microscope LEITZ Orthoplan
polarizing transmitted lightThe optical microscope ejuipped with a Nikon Coolpix 990 digital

camera for the acquisition of micrographs.

Image analysis of thin sections was performed to determineaggregatebinder ratio and the
aggregate graisize by means of Image J free softwgaro e Di Giulio 2d; Michalska et aR017;
Nonni et al. 201Y The aggregatebinder ratio was calculated followinghe recommendation
produced by the RILEM TC 16©M (2001)Three photomicrographs of about 5 mm per side for
each lime mortar samples were analyzed. The method allows to calcthateparticle size
distribution andthe percentage of the area of aggregate, bindender related particles (BRPand
pores. The aveage on thedata obtained from thethree analysisis calculatedand reported In
figures 1A and B an example of the graphs in which the data obtained are summaésigadwn

In the first the main characteristics of the mortar, such as the binder quariti¢gyaggregate, the

BRPs and the porosity are plotted, while in the second the particle size distribbsitieported.
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Fig. 7: A) graph of the mortar texture; B) graph of the aggregate grain size

5.3. Absolute dating

Radiocarbon dating of lime mortar samples was performed thighcollaboration of theJniversity

2F /FYLI YAF a[dZAITA = yPAGSEttAE 0O05SLIanihwSogli 27F
Akademi University of Turku (Finland)he radiocarbon datingesults have been tested using
optically stimulated luminescence (OSL) on mortars and thermoluminescence (TL) on bricks,

performed by the Department of Material Science, University of Milan Bicocca.

5.3.1. Preliminary mortarscharacterizationfor radiocarbon dating

The preliminary petrographic analysis with the optical microscope of mortars thin sections allows
the identification of the different carbonate elements in a mortasthe aggregates nature (fig. A8
andB), BRPs . 18C), secondry calcite crystallizatiorstraw andcharcoal fragmentdig. 18E and

F), which aremost probably a remnant of the burning process (Elsen 20@&ja and Caro 2008;
Ortega et al. 2012Pecchioni et al. 2094To obtain the accurate age of a mortar itcisucial to
eliminate components that would cause an offset of the ages, such as unburned limestone relicts,
calcareous aggregates and new formed calcite, considered as contaminantsiemhfcation of

lime lumps(fig. 18D)is also carried out since lime lumisat could be separated from the mortar
avoiding contaminatio from dead carbon. Thereliminary petrographic analyses also help in
characterizinghe samples in order to select the best preparation procedure andterpret the

radiocarbon data.
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-«i" &,.0 ) '21'2 -
Fig.18: photomicrographs dfme mortar thin sectionsA)the aggregate of the mortar has high pentage of limestone,

crossedpolars; B) mortar with fine aggregate, crosspdlars C) at the bottom left a fragment gfartially burned
limestone crossedolars D)at the center dime lumpsensu stricticrossedpolars E)at the center straw fragments

crossedpolars F)at the center ablack chacoal fragmentnatural light
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5.3.2. AMSRadiocarbon dating

Once thecontamination is identified, it must be separated from the carbon belonging to the original
binder. The methods most commonly used for sample preparation consist of a mechanieal pre
treatment (Nawrocka et al. 2005; Mazaioli et al. 2011; Ortegal.€2012;Nonni et al. 20132017,

Addis et al. 2019) and a chemical treatment (Heinemeier et al. 1997; Sonninen and Jungner 2001;
Lindroos et al. 2007 and successiBx)th techniques (Cryo2sonic and sequential dissolution) have
been applied on the same mortar satas in order to iéntify the most suitable methodNinelime

mortar samples haw been selected belonging to eigtiifferent vaults C:1M, C23M, C31M; C5

4M, C55M, N3-2AM, N81M, N93M, S94M). The samples are characterized by carbonate
aggregate and qgsence of underburned particles. In addition, the sam2-3M, G3-1M, C54M

and C55M contain manycocciopestdragments.Therefore the mortars could be contaminated by
dead carbon and the presenceadcciopesta@ould produces weakly hydraulic mortafss reported

by several authorgHodgins et al. 2011; Lindroos et al. 2011; Ringbom et al. 2011, 2014; Michalska
and Czernik 2015; Hajdas et al. 2017; Hayen et al. 20ichalska et al. 2017), theadiocarbon

dating of hydraulic mortars could be complied and problematic

First, the mortars have been carefully processed and observed with a stereomicroscope in the
laboratory of the University of Mitlena and Reggio Emi(ldNIMORE)The ones containing sufficient
guantity oflime lumps have been selected arftetlumps have been mechanically separated from
the bulk under the stereomicroscopeumps of pure lime arelearlyidentifiable in old lime mixtures

as they exhibit a whiteoundedanda floury complexion (figl9, Pese and Ball 2012)

Fig. ®: pure lime lumps in a specimen of air lime mor{teft hand side)and detail of the lime lump (right hand side)
(PescaandBall 2012)
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Thehardness of this type of lump is very low making them extremely delicatertdlaéand eaily
damaged (Pesce amhll 2012). The surfaces of lime lumps have a floury appearance while those of
under burned lumps and sand grains appear denser resembling stone. Evaluation of the superficial
hardness is a useful method for distinguishing between similar lumps (incaghplairn limestone

or roundly grains of milky quartz). Even performing a crude test, by hand, using a needle point,
allows these different types of lumps to be effectively distinguishBais selection is very time
consuming and even if it is possible &zognize the carbonate contaminants it is not always possible

to completely remove them, due to their very small sizes.

Cryo2SoniC procedure

The procedure has been applied ar Bme mortar sample§C31M, C54M, N32AM, N81M, NS
3M, S94M) atthe UnivtNB A G & 2F [/ F YLI YAl da[ dzZA3IA x| yOAGSE T A
and Technology).

Bulk

Around 20 g of mortar per sample (@B1, C54M, N33M) have been submerged in liquid nitrogen
for few minutes and transferred into an oven at 80°C. These cyaesrepeated 3 times for each
sample and then the mortars have been dggrdrushed with a hammer (Fig.)2Uhesieved powder

0 dzy RSNJ p nn putiid th&beaker with Sn/excegabout 75mL)of deionized waterThe
first ultrasaic bath for 10minutes producedhe socOl f f SR & Bl ORAZ2Y d ¢KS &I |
collected by pipette and centrifuged for 5 minutes ab &rpm to eliminate the water and then it
was dried overnight in an oven at 80°C. Then, thegamasfilled up again with distiéd water
(about75mL). The development of th@ryo2®nic procedure involved a second ultrasonic bath of
onQ ONBIF GAy3 K $actiod wasslploned iNIuliescdngifyiged far B midutes at
6.0 krpm to eliminate the wate(fig. 21) and thenit wasdried overnight in an oven at 80°The

dried samples were removed from the tube with a spatula and they were wei@ghbd3).
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Fig.21: Cryo2®nic procedure involves an ultraséni 6 | G K 2 F

in tubes(B)and centrifuged for 5 minutegC)

o n OfracdidwB} Thé fradioniisksihoriediza LJ

CRYO2SONIC
m AFTER SAND (gr SUSP (gr
m INITIAL . m (cryo)/ . (gr) . m (sand)/ . (er) .| m(susp)/
SAMPLES SAMPLE (gr) cryo-breaking m (sample) (10' ultrasonic m (cryo) (30' ultrasonic m (cryo)
g (gr) P bath) ¥ bath) Y
C3-1M 21,94 4,293 19,56% 0,0801 1,86% 0,3102 7,23%
C5-4M 18,10 5,303 29,30% 0,1228 2,31% 0,1082 2,04%
N9-3M 34,24 10,822 31,60% 0,1861 1,72% 0,3883 3,58%

Tab.3: Cryo28nicpretreatmentdata.
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Susp lump fraction
Lumps from the sampleS54M, N32AM, N81M andN9-3M were selected and thelyave been
submerged into an excegabout 30mL)ofRA A G Af £ SR g1 GSNJ I yR dzZf NI az2y

has been selected by syphoning immediately after ultrasonicaticaviad the sedimentationThe
obtained suspensio was centrifuged for 5 min at.® krpm and the surface water has been
eliminated. Samplewere put in an oven at 80°C overnight. The dried samples have been removed
from the tube with a spatula to obtain the susp_lump fractaord they have been weigheBue to

the scarce amount of material, only the samplesM™8 and N93M have been dated (tab.4).

CRYOSONIC
SUSP (gr
SAMPLE muLUNES (30 uItra(lio)nic m (susp)/
(gr) bath) m (lumps)
C5-4M 0,0482 0,0037 7,68%
N3-2A 0,0457 0,0011 2,40%
N8-1M 0,0486 0,0085 17,49%
N9-3M 0,0661 0,0195 29,55%

Tab.4: Crydonicpretreatmentdata

Bulk lumps
Other lumps of the samples (€231, N32AM and S#M) have been weighe(C31M_lump: 30,5

mg; N32AM_lump: 21 rg; S94M_lump: 20 mgand they directly underwent to acid digestion.

The dried suspension, the untreated lime lumps and the carbonate starsdangles (i.e. IAEA C1

and C2Rozanski et al. 199have been attacked with 85% phosphoric acid under vadour@ h in

a drying oven at 85°C. Produced gasses underwent cryogenic purification by means of a vacuum line
to separate evolved Gand then graphitizedFedi et al. 2013)to obtain graphite pellets to be
inserted into the accelerator sourceAccelerator Mass Spectrometry measurements were
performed on the dedicated beam line of the 3 MV tandem accelerator of INKBEC, Florence

(Fedi et al. 2007)Calibration of AMS measurement (radiocarbon age) was performed uUsng t
software OxCad.2 (Bronk Ramseyral Lee 2013Bronk Ramsey 20}@&nd using the calibration

curve IntCall3Remier et al2013)
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Sequential dissolution

Considering theesults obtained using Cryo@$ic, the radiocarbon dating of the same samples
repeatedfollowing the sequentiaflissolution procedure (Abo Akademi Universi#lso, three new

samples have been dated given the promigiesults of the previous ones

The procedure has been applied dhe eight following lime mortar samplesC%1-M, C23M, C3
1M, C54M, C55M, N81M, N9-3M, S94M. Severmortar bulks C11-M, C23M, C31M; C54M, C5
5M, N93M, S94M) andtwo lime lump C31MLiand N81ML) have been prepared at Alkademi

University, Turku.

Bulk

The samples have been broken in a plastic bag using nipper pieces,prottece fine splinter of

the aggregate (Fig. 23. The crushed material has been vibrated in a sieve s@riesh widths
ranging between 2 n n ) (Figr 2B).Thegraimd@ A1 S FTNI OGA2Y fwmnn >Y KI

sieved and the @in-size fraction range of6-1 p ha¥been chosefor dating.

Fig.22: A) the samples are broken in a plastic bag using nipper; B) The crushed material is vibrated in a sieve series.
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The coarser grain size fraction (30011 >Y0 KIF & 0SSy dzaSR F2NJ G6SaidA
Approximately 200 mg of sample powder has been put into a glass vessel and two drops of 2%
phenolphthalein solution (in ethanol) have beerodped on thesample and then 10 nmf distilled

water has been added. A pale pink colour as shown in fig8ne 2onsidered acceptable. All the

samples have resulted to be with a low alkalinity and therefore suitable to be dated.

Fig.23: dkalinity test

Before hydolysis the 4675 > Ygran size fraction habeen examined with a stereomicroscope
combined with a Cambridge Image Technology LTD (CITL) CL8000 MK4 cold cathode

cathodoluminescence device and a camera.

Thesamples have been prepared to carbon dioxide specially designed preparation line shown

in figure 2. Theselected powders have been put into the reactor vessel, when a sufficient
vacuum is reached, aroundn3L of 85% chilled at 0°C phosphoric acid has been let in excess on the
powderfrom a burete. Samples have reacted rapidly amafter 10s or lesghe first CQ fractions

have been isolated, chilled out and captured in glass vials. The nekiaCiidns have been isolated
after 20-30s. The third fractions have been collectetthin 100s The eactionhasbeenfinished
when nomore effervescence was visibded the total carbon yield has been calculated from the
total CQ captured.The partial pressure of the total amount of £l@s been measured and used as
references when calculated thelative size of dated GQractions. The samples behavior during

the dissolution process is summarizedable 5
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Lump

The two lime lump selected have beerushed before hydrolysis.

Fig. 24: Cgextraction line in the laboratory of the Abo Akademi

Thevials containing the GQasof the sample C31MLi C54M, N&1MLiand N9-3M have been
sent to the AMS 14C Dating Centre Afarhus University (DenmarkHeinemeier et al. 2010;
Lichtenberger et al. 20)5while the vials of the samples @M, C23M, C31M (bulk) C55M and
S94M have been sent to ETH Zehr (SwitzerlandjHajdaset al. 2004 Hajdas et al. 2097The CQ
gas haseenconverted to graphite for AMS'C measurements via reduction with Hising cobalt

as a catalyst (Vogel et dl984). The calibration of th&C ages to calendar years has been done
using thelntCall3calibration curvgRemier et al. 2013)ral the Cal 43 program Bronk Ramsey

2017). All calibrated results are reported at 95.4% confident level.
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Grain-

: Sample Cco2 Diss. Pinthe Calc.C
Sample sizeC aliquot fraction Time CO2line F cont. Dating
content m (nr) (s) {mbar) (mg)
(um) I
C1-1m 46-75 80 1 6 18,7 0,09 0,24 X
8% H3PO, 3.40%C 2 17 30,5 0,14 0,39 X
0 degrees 3 110 44,4 0,21 0,57 X
4 600 60,8 0,29 0,78
5 1540 38,0 0,18 0,49
6 2060 19,0 0,09 0,24
7 2530 111 0,05 0,14
8 9000 12,8 0,06 0,16
C2-3M 46-75 50 1 7 21,6 0,10 0,28 X
85% H 3 PO, 5,69%C 2 17 33,2 0,15 0,43 X
0 degrees 3 70 36,2 0,16 0,47 X
4 690 58,00 0,26 0,75
S 1610 35,9 0,16 0,46
6 2080 17,9 0,08 0,23
7 10755 18,3 0,08 0,24
C3-1MLi Crushed 39 1 15 48,8 0,19 0,63 X
85% H ;PO , not sieved 2 21 59,4 0,24 0,76 X
0 degrees 8.27%C 3 140 50,3 0,20 0,65
4 1450 57,4 0,23 0,74
5 2030 12,6 0,05 0,16
6 3240 9,51 0,04 0,12
7 12060 12,6 0,05 0,16
C3-1M.1 46-75 60,4 1 6 13,7 0,12 0,18 (X)
85%H3z;PO, 2.53%C 2 30 29,5 0,25 0,38 X
0 degrees 3 120 29,6 0,25 0,38 X
4 520 27,5 0,23 0,35
5 1470 16,5 0,14 0,21
6 8310 2,30 0,02 0,03
C3-1M.2 46-75 100 1 14 14,7 0,08 0,19 X
85%H3;PO, 2.44%C 2 8160 175 0,92 2,25
0 degrees
C5-4M 46-75 129,3 1 6 53,2 0,09 0,68 X
85% H3PO4 5.36%C 2 24 95,7 0,17 1,23 X
0 degrees 3 90 86,0 0,15 1,11 X
4 710 139 0,24 1,79
5 1880 82,0 0,14 1,06
6 3030 45,6 0,08 0,59
7 3560 18,2 0,03 0,23
8 4250 11,6 0,02 0,15
9 5505 6,88 0,01 0,089
C5-5M 46-75 58 1 5 26,40 0,10 0,34 X
85% H ;PO , 6,08%C 2 22 41,00 0,15 0,53 X
0 degrees 3 60 42,5 0,15 0,55 X
4 695 91,60 0,33 1,18
5 1730 40,30 0,15 0,52
6 2302 21,40 0,08 0,28
7 2820 11,00 0,04 0,14
N8-1MLi Crushed 64,3 1 10 41,4 0,27 0,53 X
85% H ;PO ,; not sieved 2 24 37,3 0,24 0,48 X
0 degrees 3.05%C 3 460 50,7 0,33 0,65
4 8880 23,1 0,15 0,30
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N9-3M 46-75 104,4 1 7 14,0 0,04 0,18 X
85%H;PO, 4.48%C 2 24 62,6 0,17 0,81 X
0 degrees 3 75 58,6 0,16 0,75 X

4 645 110 0,30 1,42

5 1850 63,7 0,18 0,82

6 2490 30,2 0,08 0,39

7 3280 19,0 0,05 0,24

8 3630 5,49 0,02 0,07
$9-4M.2 46-75 106,6 1 20 43,00 0,16 0,55 X
85% H3P0O4 335%C 2 100 56,90 0,21 0,73 X
0 degrees 3 395 56,10 0,20 0,72 X

4 1260 60,80 0,22 1,07

5 6900 60,60 0,22 0,78
S9-4M.3 46-75 140 1 13 48,4 0,170 0,62 X
85%H;PO, 2.62%C 2 35 53,8 0,189 0,69 X
0 degrees 3 150 56,1 0,197 0,72 X

4 1270 57,4 0,202 0,74

5 1560 27,4 0,096 0,35

6 1950 20,2 0,071 0,26

7 2400 9,4 0,033 0,12

8 4410 7,57 0,027 0,10

9 4980 4,46 0,016 0,06

Tab. 5: Hydrolysis data of tsamples dated

5.3.3. Stimulated luminescence

Optically stimulated luminescence (OSL) on mortars amnttoluminescence (TL) on brick have
been performed by the Department of Material Science, University of Milan Bicddea.mortar
samples N&M andS94M have been selected for OSL dating and fifteen brick sanfipidd. dating
(CZ1L, C3LL, CHLL, CHL, CHBL, C5L, C57L, N31AL, N3BAL, N&LL, N82L, N91L, N93L, SalL,
S94L).

Milan TL protocol

The finegrain dating technique (Zimmermann, 1971), requiring relative small amount of material,
was used for TL dating of bricks. The sampkese beenprepared under dim red light, using the
standard procedure and the polymineral fine grainf1 >Y 0 FNJ} OG A2y 461 & RSLI2a
discs. For the evaluation of the palaeodose, the TL Multiple Aliquot Additive Dose protocol (MAAD,
Aitken, 1985) has been applied.

64



TL measurements were perfoed using a homenade system based on the photon counting
technique with a photomultiplier tube (EMI 9235QB) coupled to a blue filter (Corning BG12). The
samples have been heated from RT to 480°C at 1&°Arsficial irradiations have been carried out

by a 1.85 GBq 9090Y beta source (dogate: 3.57 Gy mirt), a 37 MBq 241Am alpha source (dose
rate: 14.8 Gy min).

Milan OSL protocol

The Single Aliquot Regenerative dose protocol (SAR; Murray and Wintle, 2000) has been applied.
OSL measements (40s) have been made at 125°C, after greating aliquots for 10 second at
180°C. The preheat value has been experimentally derived on the basis of the results of a dose
recovery preheat plateau test. A cdteat of 160°C was applied to each aliquot beforettst dose
measurement. To evaluate the Equivalent Dose (ED), the initial part of the OSL decay curve has been
used, specifically the first 0.6 s. The background has been assumed as the mean signal of the last 10
s of stimulation. The quartz extracted fromortars was checked for the absence of feldspar
contamination using IR stimulation on laboratory irradiated samples. OSL measurements have been
undertaken using a Risg-DIA20 equipped with a 90Sr/90Y beta source delivering 0.129 + 0.012
Gyl/s to quartz carse grains. The samples have been stimulated by an array of blue LEDs (470 + 30
nm) with a constant stimulation power of 54 mwW/ér with IR LEDS (830 + 10 nm) with a constant
stimulation power of 360 mW/ci Photons were detected by a bialkali photonipiier tube (EMI
92350B) coupled to a 7.5mm Hoy&4D filter (286380 nm).

Doserate determination

For doserate determination 238U and?3°Th concentrations were derived from alpha counting using
ZnS (Ag) scintillator discs and assuming a Th/U concentration ratio equal to 3.16 (Aitken 1985).
Contribution due td*K content was obtained from the total concentration of K measured by flame
photometry. The attenuation of the beta particles in coarse grain quartz used for mortar dating was

taken into account (Bell 1979).
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5.4.Pollen analysis

The pollen analysisas beemperformed on six mortar samples: €8, C57M, N33AM, N82M, S9
1M, S94M. Thetechnique wastested analyzing both gypsum mortar and lime mort#dl the
samples are gypsum mortars expect the lime mortar sampléMNbs9rhe choice of the samples has
been made considerintpe absolute dating results. Mortar samples belonging to portiditrstated

at differentbuildingphaseshave been selected in order tecover pollen graingllen preserves a
record of the local vegetation at the time of mortar settiagd it canbe an indirect indicationof
the construction timing. This techniqueas especiallyapplied ongypsum mortas that are not
directly datable. fe information obtainedfrom pollen analysigan be theninked andcompared

with the absolute dating results.

Since the literature dealing with pollen analysis of mortar isaimtndant a first attempt was made

to ascertain whether this type of substrate could contain and preserve pollen granules &sl NP
(non pollen palynomorphs). Preliminary investigations were carried out on three mortar samples
(N3-3AM, S9LM and SHM) and subsequaly, given the promising result, on the remaining
sampleqC56M, C57M and N82M).

The pollen analysis has been performed by the Laboratory of Palynology and Palaeobotany of the
University of Modena and Reggio Em{litNIMORE)

Samples were treated acating to the routine method for polleextraction andanalysesn useby
the UNIMORE laboratof§rlorenzano et ak012) The method was imported and adapted from the
Institute of Earth Sciences, Vrije Universiteit Amsterdathénl990gPALICLAS project; Lowe et al.
1996; van deKaars et al2001).

According to the available material, few grams, usually 5 g, of dry sediment fronsaangie was

prepared as follows:
1.Treatment with sodium pyrophosphate to deflocculate the sediment matril00 nh.beakers.

2. OnelLycopodiumspore tablet was added to each sample to calculate the concentration of
microremains from the ratio of the counted number pbllen grainsto the counted number of
added spores, multiplied by the known numbmrspores added (Stockmar971). Concentrations

are expressed as number of pollen (p/g) per gram.
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3. Each sample was transferred to-a?® yeéf 2y KI yYRKSf R aASOS> Of 24¢
water. The residual sieved sediment was thesnsferred to a 100 mbeaker with the help of

distilled water, and left to stand overnight; then the supernatant was removed by aspiration.

4. About 40 mbf 10% hydrochloric acid were added to remove carbonates, until no further reaction

occurred. After one night, the supertamt was removed by aspiration.

5. The residues were concentrated by repeated centrifugatic2580 rpm for 2 minutes in 10 mL

test tubes.

6. After dehydrationwith glacial acetic acid,-8 mL of acetolysis mixture(9:1 ratio of acetic
anhydrideand sulfuric acid) was added to the residues; the tubes were transferred to a water bath
Fd dn / F2NI mn YAydziSaz yR A0ANNBRO®

7. Heavy liquid separation (useful to concentrate pollen in samples very poor in organic matter) was
performed with sodium metatungstateydrate of specific gravity (sg) 2.0 and centrifugation at 2000
rom for 20 minutes. After collecting the uppgrortion of the supernatant in a different

centrifugation tube, this step was repeated.

8. The retainedractions were treated with 1 mbf cold D% hydrofluoric acid for one night to

remove silicates.

9. The residue was washed in 98% ethanol, supplemented with glycerol and, finally the remaining
ethanol was evaporated. The final residues were mounted on permanent slides in glycerol jelly, and

coverslips sealed with paraffin.

An optical microscope with magnifications of 1000x was used for identifying the pollen.grains
each sample all the pollen grains extracted were counted and identiigld the help of the

reference pollen collection, keysd atlases (e.dvloore et al. 1991; Reille 1992).
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6. RESULTS

In this section the results of the laboratoanalyses carried out on mortar and brick samydes
presented. The first part concerns tisbaracterizatiorof the mortar aggregateand binder caried
out with polarizing microscopyThe detailed petrographicharacterizatiorhas been used as the
basic scientific knowledge for the absolute datmgthodologies discussed in the second part of

the chapter.
6.1. Results of petrographic analysis
Lime mortars

Each thin section was first photographed and then described according to the UNI 11176 Document
(2006)- Petrographic description of a mortar. About each thin section is specified: type of binder,
aggregate binder raticcomposition of the aggregate, gnasize and sorting grade, presence of BRPs

and hypotheses on the origin of the sand (Lugli et al. 2007).

The petrographic analysis revealed that all lime mortar samplesentBRR particlesThe most
frequent are the underburned fragments of the carbé@atones used to produce the lime, which

do not completely calcine during the burning and are left inside the slaked lime as inert (Elsen 2006).
They are rounded limestongig. 25A)or marly limestoneshat showthe effect of partial burning
especiallyn the outer part (ig. 25B). These fragments commonly show micritic reaction edges that
fade into the surrounding binder (fi@5C) and also some of them display traces of cleavage (fig.

25D).0Overburned lime fragment§ig. 256 are alsofrequent

The lime lumpssensu strictuare mainly scares and variable in size, typicily millimeters in
diameter or lessUnder the polarizing microscope they exhibit porous structures with the same

appearance of the surroundirtgnder (ig. 25F).

Moreover, otter particles are found ithree mortar samples (C31M, N2-2FM and S12M). They
contain prismatic crystals with high interference colour, #razh minerals and bubbles (Fig. 26B,

C, D, E, F). The optical features are in between an effusive rock (buabtean intrusive one (well
formed minerals). These particles can be interpreted as burning waste for the irregular reaction
rims.These fragments are quite similar to those found in the Cathedral and in the Ghirlandina tower

(Caroselli 2015)
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Fig. 25photomicrographs in crossqublars of binder related particles At the left of the imagine rounded limestone
B) fragments of marly limestone underburned with signs of firing and brogddish colors They kept the original

structures and textures athe rock and show reaction edges that fade in the bind&yfragment on the left shows
micritic reaction edges that fade into the surrounding bindBX) relict calcite cleavage tracek) overburned lime

fragment;F)lime lumpssensu strictwith porous $ructure with similar appearance to the binder
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Fig. 26: photomicrograph of particles of unknown origin A) sampi&NG3transparent crystals and bubblezatural

light; B) sample G3M, crystals with high interference colour and bubbles, crogg#drs, C)sampleS21M, transparent
elongated crystals and bubblesatural light D) sampleS2-M, elongated crystals with high interference colours and
bubbles, crossegolars; E)sampleN2-2FM, prismaticand elongatedcrystals and brownish interstitial phaseatural

light; F)sampleN2-2FM, elongated crystals with high interference colours and squared crystals with greyish interference

colours crossedolars.
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