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RIASSUNTO 

I monumenti storici sono strutture complesse soggette a modiche nel corso del tempo. Per questo 

motivo la loro tutela è una vera e propria sfida. Per valutare lo stato di conservazione di un edificio 

è fondamentale ricostruire la sua storia e identificare le principali vulnerabilità e criticità. I siti 

UNESCO della Cattedrale di Modena e di Pompei ne rappresentano due casi significativi. La 

datazione assoluta dei materiali da costruzione è stata svolta al fine di ricostruire la storia degli 

interventi di restauro effettuati come conseguenza di eventi sismici. 

La Cattedrale di Modena fu danneggiata dal terremoto avvenuto nel 2012 e le principali vulnerabilità 

sono state riscontrate nelle 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, sono state identificate 

numerose lesioni ed è 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 importanti interventi di restauro strutturale effettuati al fine 

di riparare i danni provocati da eventi sismici. Lo scopo della ricerca è quello di datare le porzioni 

originarie delle volte e quelle successivamente restaurate correlando i risultati ottenuti con il 

catalogo parametrico dei terremoti italiani, al fine di risalire al possibile evento lesivo. È stato quindi 

applicato un progetto di ricerca innovativo che integra diversi metodi di datazione assoluta: 

radiocarbonio e Luminescenza Otticamente Stimolata (OSL) per la datazione delle malte, e 

Termoluminescenza (TL) per la datazione dei mattoni. Al fine della corretta interpretazione dei 

risultati, è stata eseguita la caratterizzazione petrografica delle malte di calce ed è stata inoltre 

ǎǾƻƭǘŀ ƭΩŀƴŀƭƛǎƛ ŘŜƛ Ǉƻƭƭƛƴƛ ǇǊŜǎŜƴǘƛ ŀƭƭΩƛƴǘŜǊƴƻ ŘŜƭƭŜ ƳŀƭǘŜ Řƛ ƎŜǎǎƻΦ L Ǌƛǎǳƭǘŀǘƛ ƳƻǎǘǊŀƴƻ ŎƘŜ ƭŀ Ƴŀƭǘŀ Řƛ 

calce è stata utilizzata sia per la costruzione originaria sia per riparazioni successive, mentre la malta 

di gesso è stata impiegata o in volte fortemente danneggiate e ricostruite totalmente o per 

restaurare porzioni di volte originariamente in malta di calce. Si evince così che le aree danneggiate 

siano più estese di quelle rilevabili esclusivamente mappando le lesioni oggi visibili. Infine la 

comparazione delle due procedure di preparazione dei campioni di malta di calce da datare al 

radiocarbonio (Cryo2Sonic e digestione acida graduale), ha permesso di identificare la metodologia 

più idonea ai fini della datazione di malte di calce con aggregato a composizione carbonatica. 

Diversi pavimenti a mosaico, appartamenti ad alcune domus e ad aree pubbliche di Pompei, 

presentano dei risarcimenti, probabilmente effettuati al fine di colmare lacune provocate da danni 
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subiti o in epoche antiche o più recenti, dopo lo scavo del sito. Questi interventi sono state 

riscontrati in diverse ed importanti domus (Casa di Paquius Proculus, Casa del Menandro, Casa della 

Fontana Piccola, Casa VIII, 3, 24) e nelle Terme del Foro. Al fine di chiarire se questo tipo di restauro 

ǎƛŀ ǎǘŀǘƻ ŜŦŦŜǘǘǳŀǘƻ ƴŜƭƭΩŀƴǘƛŎƘƛǘŁ ƻ ǎƛ ǘǊŀǘǘƛ Řƛ ǳƴ ƛƴǘŜǊǾŜƴǘƻ ƳƻŘŜǊƴƻΣ ǎƻƴƻ ǎǘŀǘŜ ŀǇǇƭƛŎŀǘŜ ŘƛǾŜǊǎŜ 

metodologie, quali la caratterizzazione petrografica, la datazione assoluta ŀƭ ǊŀŘƛƻŎŀǊōƻƴƛƻ Ŝ ƭΩŀƴŀƭƛǎƛ 

dei pollini. La datazione al radiocarbonio ha fornito due range cronologici (4229-3376 a.C. e 17784-

14521 a.C.) che sono molto più antichi di quanto previsto per gli edifici romani, indicando una 

contaminazione da CO2 di origine geologica. Poiché la metodologia di digestione acida graduale per 

la preparazione di malte da sottoporre a datazione radiocarbonica si è dimostrata efficace 

nell'eliminare la contaminazione da aggregato carbonatico, ne consegue che le malte di Pompei 

hanno incorporato una fonte di CO2 derivante del drammatico seppellimento da materiale vulcanico 

ad alta temperatura durante l'eruzione del Vesuvio nel 79 d.C. Se le malte di restauro fossero state 

moderne, non ci aspetteremmo questa contaminazione e la datazione al radiocarbonio avrebbe 

ŦƻǊƴƛǘƻ ǳƴΩŜǘŁ moderna. Da ciò si deduce che questi interventi successivi sono antichi restauri, 

probabilmente effettuati dopo il terremoto del 62 d.C., che precedette la fatale eruzione del 

Vesuvio. ¦ƴΩ ŀƴǘƛŎŀ Ŝ ǎŎƻƴƻǎŎƛǳǘŀ fase di restauro è stata quindi pienamente identificata come 

un'altra importante parte della drammatica storia di Pompei, che andrebbe preservata. 
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ABSTRACT 

Historical monuments are complex structures, built and modified over time. For this reason, their 

preservation is a challenging issue. Reconstructing the history and structural 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 provide data on the site chronology and the history of repair 

interventions, especially after earthquakes.  

The Modena Cathedral was damaged by the 2012 earthquake and the main vulnerabilities were 

identified on the 15th century vaults. An anti-seismic reinforcement project gave the opportunity 

to investigate the construction phases and to assess the damages suffered in the past. A detailed 

survey of the vaults binder was carried out and revealed the scars of multiple repair works after 

several earthquakes, resulting in a complex patchwork of lime and gypsum mortars. The aim of the 

study was to absolute date the original vaults construction and the restoration portions built after 

the main earthquakes, correlating them to the earthquake chronology deduced from the historic 

catalogue. An integrated approach using different techniques has been applied: radiocarbon dating 

by Cryo2Sonic and by sequential dissolution, and Optically Stimulated Luminescence (OSL) of the 

sand aggregate to date ancient mortars, and Thermo-luminescence (TL) to date bricks. The 

petrographic characterization of mortars has been performed as fundamental step for the 

interpretation of the results and the analysis of the pollen trapped in the gypsum mortar has been 

tested. The results show that lime mortar was used both as original building 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 demonstrates that the vaults suffered much larger damage 

induced by earthquakes than previously assessed just by mapping fracture and crack networks. In 

addition, the comparison of the two sample preparation procedures of mortar for radiocarbon 

dating (Cryo2Sonic and sequential dissolution) has allowed to identify the most suitable method for 

lime mortars rich in carbonate aggregate.  

Some mosaic floors in houses and public spaces in Pompeii present late interventions, which were 

probably carried out to fill gaps in pavements to repair various types of damage, either in ancient 

time or just after the excavation of the site. Important domus (House of Paquius Proculus, House of 

Menander, House of the Small Fountain, House VIII, 3, 24) and the Forum baths display these repairs. 

To clarify the origin of the restoration, ancient vs. modern, petrographic characterization, 
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radiocarbon dating and pollen analysis have been performed. The result of radiocarbon dating range 

from 4229 to 3376 BC and from 17784 to 14521 BC, which is much older than expected for roman 

buildings, demonstrating a geological source for CO2. 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 CO2 sources probably deriving by the dramatic 

burial by high temperature volcanic material during the 79 AD eruption of Vesuvius. If the repair 

mortars were modern, we would not expect this contamination and the radiocarbon dating would 

have yielded a modern age. It means that these late interventions are ancient restoration, probably 

carried out after the earthquake of 62 AD that preceded the fatal eruption of Vesuvius. According 

to these results an ancient unrecognized restoration phase is 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 sites have been chosen as case studies to 

clarify the site chronology and the history of the restoration, by means of absolute dating of building 

materials. Reconstructing the history and the structural vulnerability of the historical monuments is 

fundamental for their preservation. 

The Modena Cathedral vaults were extremely damaged by the 2012 earthquake and an anti-seismic 

reinforcement project was planned giving us the opportunity to investigate the construction phases 

and to assess the damages suffered in the past. A complex patchwork of lime and gypsum mortars 

have been detected on the vaults, revealing the scars of multiple repair works after several 

earthquakes. The aim of the study is to absolute date the original vaults construction and the 

restoration portions, correlating them to the earthquake chronology deduced from the historic 

catalogue.  

Some mosaic floors in houses and public spaces in Pompeii present late interventions carried out to 

repair various types of damage. The aim of the research is to discriminate the timing of the 

restoration, ancient vs modern.  

Since historical sources leaves unclear issues, a scientific approach is the only way to obtain reliable 

data. An integrated method using different techniques (petrographic analysis, radiocarbon dating, 

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

Beside the specific archaeological and historical questions, the present study is also concerned with 

the capabilities and limits of the different absolute dating techniques. This thesis presents how 

different methods have been used and how successful they have been. The research deals with the 

problem of the different contamination sources that can occur in radiocarbon dating of ancient 

mortar and the comparison of the two sample preparation procedures of mortar for radiocarbon 

dating has allowed to identify the most reliable method. 
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2. MORTAR DATING: THE STATE OF THE ART  

Mortar is an artificial building material used to link bricks or stones. Mortar is a mixture of binder, 

aggregate, water and eventually other organic (e.g. charcoal, straw) or inorganic (e.g. ceramic 

fragments) components. The binder (gypsum, lime, clay or 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 or pozzolana) is added to the binder in order to reduce the effect of mortar 

shrinkage and to enhance the mechanical properties (Cazalla et al. 2000; Stefanidou and Papayianni 

2005). There are two characteristic types of lime: hydraulic and non-hydraulic. They differ in the 

manner by which they harden and in the properties they display. Hydraulic limes harden to a greater 

or lesser extent due to a chemical reaction between their active clay particles, lime and water 

(hydraulic set) whereas non-hydraulic limes harden due to a reaction between CaO in the mix and 

atmospheric CO2 (carbonation) (Pavia et al. 2006). Artificial hydraulic mortars were obtained by 

mixing lime with pozzolana or crushed bricks (cocciopesto) (Binda and Baronio 1988; Bugini et al. 

1993; Baronio and Binda 1997; Baronio et al. 1997; Moropoulou et al. 2005; Böke et al. 2006; Pavia 

2008; Pavia and Caro 2008; Silva et al. 2009; Elsen et al. 2012; Weber et al. 2015). 

 

2.1. Production of historic mortar  

Historic mortars are a mixture of lime, Ca(OH)2 (calcium hydroxide as the mineral portlandite) an 

aggregate, usually sand or volcanic pyroclastic material. The historic mortar manufacture includes 

different steps, presented schematically in figure 1. 

Fig. 1: The CaCO3 cycle from limestone to binder calcite (Hale et al. 2003). 
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The production process begins with the burning of crushed limestone in a kiln at temperatures of 

about 800-900 °C or exceeding. At this temperature calcination occurs and the calcium carbonate 

(mineral calcite) is transformed into quicklime (calcium oxide-CaO) liberating carbon dioxide:  

CaCO3 Ҧ CaO + CO2 = calcination 

Then quicklime is then slaked with water to form the mineral portlandite (calcium hydroxide ς 

Ca(OH)2 ): 

CaO + H2O Ҧ Ca(OH)2  = slake 

The slaking process is an exothermic reaction and the produced calcium carbonate is stored under 

water excess as lime putty (aging process). A long-term storage improves the mortar quality and 

workability due to the particle size reduction and morphology changes of the portlandite crystal 

(Rodriguez-Navarro et al. 1998; Cazalla et al. 2000; Elert et al. 2002; Margalha et al. 2013). The 

carbonate crust formed over the slaked lime during the aging process can lead to the lime lumps 

formation (Bruni et al. 1997). 

Subsequently the lime is mixed with geological material or reused inorganic building materials. The 

mortar is non- hydraulic or hydraulic if the aggregate is respectively sand and gravel (inert) or 

volcanic glass, 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, the mortar starts to set and harden when the lime absorbs atmospheric CO2 

to regenerate calcium carbonate (CaCO3).  

 

2.2. Binder related particles (BRP) 

In the historic mortars three different type of binder related particles (BRPs) are distinguished 

according to the grades of calcination: underburned fragments, overburned fragments and lime 

lumps sensu stricto (Elsen 2006).  

The underburned fragments are remnants of under burnt limestone that maintain the original rock 

structure providing information about the type of limestone used for lime production (Hughes and 

Cuthbert 2000; Hughes et al. 2001; Pavia and Caro 2006; Fratini et al. 2008).  
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The overburned fragments are sintered particles formed in the hottest zones of traditional kilns 

where the temperatures are sufficient to melting the lime. Inside the mortar, these fragments will 

slowly carbonate because the sintered lime is weakly reactive. The overburned fragments provides 

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

The lime lumps sensu stricto are the most commonly observed binder related particles. They are a 

pure calcium carbonate lump, easily detectable due to the rounded porous structure and the whitish 

and soft aspect. These are thought to originate from imperfect mixing of the binder due to residues 

of the carbonate crust formed on the lime putty in the process of maturation (Bruni et al. 1997) or 

from a poor mixing of the lime putty with the aggregates (Lindroos et al. 2007; Ortega et al. 2008; 

Pesce et al. 2009). Some other authors attribute their development to dry slaking (Hughes et al. 

2001; Carran et al. 2010). 

The study of these particles provides significant information about the historic mortar production 

technology. After the slaking process, lime putty is sieved through a grating system to avoid the 

inclusion of limestone relicts in the mortar (Bruni et al. 1997; Pecchioni et al. 2014). This means that 

a surplus of these particle indicates a poor production technology as strong inhomogeneities in the 

distribution of temperature in the kiln, lack of sieving and difficulty in the calcination of the stone 

because its composition (Pecchioni at al. 2014). Moreover, their identification is a crucial step in the 

mortar dating. 

 

2.3. Radiocarbon dating of mortars 

Determine the age of ancient buildings and establish construction phases represent important 

issues in the archeological an architectural research. The lime mortar binder represents a potential 

tool to assess the construction timing of buildings since it reflects the atmospheric 14C concentration 

at the time of hardening process. Thus the lime binder can be used as material for 14C dating. This 

principle is well known but problems to obtained the correct radiocarbon age can arise when other 

carbonate phases interfere (Lindroos 2005). Underburned limestone fragments, charcoal particles 

from wood-fired kilns and carbonate aggregate could contaminate the radiocarbon dating result 

and provide older age. Carbonate rocks, in fact, are mainly made of CaCO3 that, at the beginning of 

the sediƳŜƴǘŀǊȅ ǇǊƻŎŜǎǎΣ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎŀǊōƻƴ ƛǎƻǘƻǇŜǎ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ŀǘ ǘƘŜ ǘƛƳŜ ƻŦ 

the precipitation. So in contrast to the carbon contained in the lime mixtures of archeological 
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interest which have a lifetime shorter than the radiocarbon, CaCO3 of geological origin come from 

times far earlier than the equivalent to the decay time of radiocarbon. This means that any isotope 

contained in carbonate rocks is ά14C deadέ and this implies that any molecule of carbonate rock 

(carbonate sand or underburned fragments) in the mortar can sensitively affect the result of 

radiocarbon dating with a heavy ageing (Pesce and Ball 2012). On the other hands, a rejuvenation 

effect can be induced by delayed hardening in thick walls (Sonninen et al. 1985) or if late exchange 

with the atmospheric CO2 occurred after the construction, producing secondary calcite within the 

calcareous binder. These problems have been described extensively (e.g. Van Strydonck et al. 1983a, 

b, 1986, 1989; Van Strydonck and Dupas 1991; Ambers 1987; Heinemeier et al. 1997 with further 

references) and sample procedures have been improved upon since the beginning of radiometric 

method dating in order to remove the contaminants that invalidate the results. 

The first mortar datings were performed in the 1964 by Labeyrie and Delibrias by thermal 

decomposition of crushed mortar samples at 900°C (Labeyrie and Delibrias 1964; Delibrias and 

Labeyrie 1965). The carbon dioxide was precipitated in a barium hydroxide solution and reliberated 

by acid hydrolysis of barium carbonate for decay counting measurement. In the same period, Stuiver 

and Smith (1965) performed the acid hydrolysis, with diluted HCl at different temperatures, directly 

on crushed samples. Soon after, Baxter and Walton (1970) realized that, when acid hydrolysis is 

applied, differences in carbonate phases solubility can be exploit to achieve accurate dating results. 

The soft and friable carbonate binder dissolves more rapidly than the crystalline carbonate 

limestone and calcareous sands. Folk and Valastro (1976) tried to identify and remove the 

contaminating carbonates developing a partial dissolution method, that isolate and date the early 

fractions of effervescing CO2. The CO2 emanating from the residue was dated separately to monitor 

the degree of contamination. This so-ŎŀƭƭŜŘ ά¢ŜȄŀǎ ƳŜǘƘƻŘέ ό!ƳōŜǊǎ 1987) was tested and 

developed further by Van Strydonck et al. (1983a, b; 1986; 1989) and Van Strydonck and Dupas 

(1991). They increased the number of dated CO2 fractions from one sample by splitting it into several 

aliquots and using different partial dissolution for the aliquots. In 1990 Tubbs and Kinder introduced 

the use of Accelerator Mass Spectrometry (AMS) to date organic residues in mortar, and soon late, 

Van Strydonck et al. (1992) used AMS to date small samples of mortars and lime lumps. The use of 

AMS to determine 14C in lime mortars significantly reduces the amount of sample required (<1 mg) 

making it possible to take a very small piece of the samples (e.g. lime lumps) (Ringbom et al. 2014). 

In the mid-1990s and onward, the 85% phosphoric acid substituted the HCl acid (Heinemeier et al. 
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1997), previously and mostly used for the chemical separation, also in preparation for AMS analysis 

(Hodgins et al. 2011; Al-Bashaireh 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 Ball 2015; Lindroos et al. 2018). Since lumps formed by 

clodding of the lime putty before it is mixed with the aggregate, they contain the same lime as the 

surrounding matrix and they should be free from contamination of dead-carbon geological 

carbonates from the filler. For this reason, they can be successfully used for mortar radiocarbon 

dating. However, there are many kind of lime lumps and not all of them are suitable for identifying 

the age of the mortared structure (Van Strydonck et al. 1992; Pesce et al. 2009, 2012; Lindroos et 

al. 2014). There are lumps incompletely burned that contained limestone relicts or, due to their soft 

and porous nature, secondary calcite can be formed within the lumps if they have been in contact 

with groundwater or percolating water (Lindroos et al. 2007; 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 mechanical pre-treatment 

(Nawrocka et al. 2005; Mazaioli et al. 2011; Ortega et al. 2012; Nonni et al. 2013, 2017; Addis et al. 

2019) and a chemical treatment (Heinemeier et al. 1997; Sonninen and Jungner 2001; Lindroos et 

al. 2007 and successive). 

Mechanical separation (Cryo2Sonic) 

The mechanical separation is based upon the assumption that the limestone of aggregate is stronger 

and more resistant than the more porous mortar binder carbonate. Nawrocka et al. (2005) 

introduced cryo-breaking of mortar pieces in a repeated freezing/thawing process to produce fine-

grained material collected as water suspension, but the results of 14C dating showed that 

improvement of the binder-aggregate separation process was necessary. This concept was 

developed further by Marzaioli et al. (2011) according the principle that the carbonate belonging to 

the binder fraction is characterized by a more easily breakable structure compared to the dead 

carbon. The procedure includes a sequence of physical separations (cryobreaking, ultrasonication, 

and centrifugation) in order to isolate a suspension of binder carbonates from bulk mortar. Only the 

suspended fraction collected after centrifugation is used for the 14C dating. They tested the protocol 

(CryoSoniC), based on a single step of ultrasonication of 30 min, on synthetic mortars, prepared 

according to the traditional production process. In this case, it was known the isotope signature of 



15 

laboratory CO2 and it was guaranteed the absence of any other contaminant sources (e.g. lack of 

added aggregates) with the exception of unburned limestone residues. Shortly after, Marzaioli et al. 

(2013) applied the procedure to genuine mortars samples from archeological sites of known or 

independently constrained age (i.e. other 14C dates on different materials) with the aim of checking 

the effectiveness of the methodology on field samples, including the suppression of eventual 

ΨΨŀƎƎǊŜƎŀǘŜǎ ŜŦŦŜŎǘǎΩΩΦ The protocol was also tested on lime lumps in order to reduce the risk of 

contamination from calcinations relicts. The results revealed the efficacy of the protocol for the lime 

lumps, selecting the calcite portion representative of the binder, but also the necessity to update 

the classical CyoSoniC procedure for mortar samples by adding a double step of ultrasonication, 

producing different time-evolved suspension fractions from the same mortar matrix (Marzaioli et 

al. 2013; Nonni et al. 2013). Moreover, the protocol was improved by performing mineralogical 

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 assumed for CryoSonic, that used the ultrasonication as the key step to 

select the right fraction to date, the improvement of the procedure, developed in Cryo2Sonic, was 

carried out testing differential ultrasonication time interval on the same archaeological sample. A 

time trend of 10, 30, 45 and 60 minutes of ultrasonication was set. The resulting suspended fractions 

were isolated and dated. The first ultrasonication step of 10 minutes produce a fraction much older 

than the others, which however show all similar results. The hypothesis put forward was that a first 

very old fraction suddenly enters the suspension and is mixed with younger fractions. Since the first 

produced fraction was related to fine aggregates contribution (or possibly to secondary calcite 

crystallization), the original ultrasonication procedure (Marzaioli et al. 2011) was split into two sub-

ǇƘŀǎŜǎ ƻōǘŀƛƴƛƴƎ ŀ ŦǊŀŎǘƛƻƴ ŎŀƭƭŜŘ άǎŀƴŘέ ŦǊƻƳ ǘƘŜ first ultrasonication of 10 minutes and fraction 

ŎŀƭƭŜŘ άǎǳǎǇέ ŦǊƻƳ ǘƘŜ ǎŜŎƻƴŘ ǎǘŜǇ ƻŦ ол ƳƛƴǳǘŜǎ. According to this theory the first fraction including 

fine and/or diagenetic calcite, should be more easily affected by contaminations than the second, 

which, on the contrary, should reach an age closer to the real value (Nonni et al. 2014). 

The improved Crio2sonic procedure is detailed as follows (fig. 2) (Nonni et al. 2017): 

1. Cryogenical breaking. According to Nawrocka et al. (2005) and Marzaioli et al. (2011, 2013), about 

5 g of mortar is submerged in liquid nitrogen until reaching a thermal equilibrium, and immediately 

transferred to an oven at 80°C and kept at a constant temperature for 1 min. After repeating this 
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freezing/thawing cycle three times, the mortar is crumbled by hand or by applying pressure by a 

very gentle hammering in order to avoid the production unwanted fine grain-size particles not 

belonging to the binder. 

2. Size selection. ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ƳŀǘŜǊƛŀƭ ƛǎ ǎƛŜǾŜŘ ǳƴŘŜǊ рлл ˃Ƴ ŀƴŘ stored in a 75 mL beaker with 

~40 mL of deionized water. The system is left to settle for 12 hr.  

3. 1st ultrasonic selection. After complete sedimentation, the water portion is removed using a 

micropipette, followed by addition of 40 mL of deionized water to the beaker, and left to settle for 

1 hr. Then an ultrasonic bath is run for 10. The suspended mortar particles are totally removed and 

transferred to a Falcon 50 mL centrifuge tube. This fraction of binder represents the fraction 

potentially affected by dead carbon contamination and/or diagenetic calcite (sand) due to the 

probable presence of very fine carbonaceous grain sand entering the suspension easily and before 

binder particles. 

4. 2nd ultrasonic selection. A new volume of 40 mL of deionized water is added to the residual 

powder, decanted on the bottom of the beaker after the first sonic attack, and it is left to settle for 

1 hr. Then a second ultrasonic bath is run for 30 min. About 30 mL of water suspension is collected 

in a centrifuge tube (50 mL), avoiding any agitation of the sediments. This last fraction represents 

the suspension guaranteeing accurate dating (susp). 

5. Centrifugation. The Falcon centrifuge tube containing susp carbonates and the other containing 

the sand fraction are centrifuged at 8.0 krpm in a rotor of 10 cm mean radius for 5 min. The watery 

part is removed and the tubes is left oven-dried overnight at a constant temperature of 80°C. This 

type of fraction is considered to be representative of the binder.  

 

Each sample of 40 mg of carbonate fractions (susp and sand) and carbonate standards samples (i.e. 

IAEA C1 and C2; Rozanski et al. 1992) are digested under vacuum to develop CO2, by means of a 

complete orthophosphoric acid attack for 2 hours at 85 °C. The developed CO2 is cryogenically 

purified from other gasses, reduced to graphite on iron powder catalyst according to the CIRCE 

sealed-tube reaction protocol (the zinc process) following Marzaioli et al. (2008), and analyzed to 

measure 14C isotopic ratios using the CIRCE AMS system (Terrasi et al. 2008). 
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Fig. 2: schematic representation of the Cryo2SoniC procedure (Nonni 2014). 

 

The main advantages of the Cryo2SoniC methodology are 1) the complete digestion of the 

laboratory isolated mortar fraction, avoiding difficulties in handling time-evolved fractions, and 2) 

the limited number of analyses per mortar to be performed, one for each sample after methodology 

accuracy evaluation (Nonni 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 protocol (Cryo2Sonic version 2.0) consists of four 

steps: 

1. Mortar characterization in order to assess the nature of the contaminants and adopt the correct 

procedure in order to remove them. Both petrographic and mineralogical analyses are performed 

by means of several techniques, such as optical microscopy (OM), cathodoluminescence-induced 

optical spectroscopy (CL-OS) and x-ray powder diffraction (XRPD). Using the information obtained 

from mortar characterization, the purification protocol is better defined in terms of number of 

cycles and duration of each step.; 
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2. Purification treatment by means of sonication, centrifugation and gravimetric sedimentation. The 

mortar is ultra-sonicated in an ultrasonic bath by using ultra-pure water and centrifuged. Then, it is 

suspended in ultra-pure water for 20 hours, 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 inorganic 0.1 ˃Ƴ filters; 

3. Characterization of the obtained powder using x-ray powder diffraction and 

cathodoluminescence-induced optical spectroscopy in order to evaluate effectiveness of the 

purification treatment (i.e. the purity of the binder and the absence of geological carbonates);  

4. 14C dating of the powder that is composed by pure lime binder.  

 

Sequential dissolution 

The method, based on the principle presented by Folk and Valastro (1967) and developed by Van 

Strydonck and Dupas (1991), was completed by Lindroos (2005) with cathodoluminescence 

inspection of the samples and further developed incremental CO2 extractions during dissolution.  

According to the procedure, the samples are broken into small pieces with plastic covered pliers, 

avoiding hammering that can produce splinter from the aggregates (contaminants). The crushed 

material is sieved using increasingly fine mesh widths ranging between 20-500 ˃ƳΦ ¢ƘŜ ƎǊŀƛƴ-size 

ŦǊŀŎǘƛƻƴ ғмлл ˃Ƴ ǘƘŀǘ Ƴŀȅ ōŜ ǳǎŜŘ ŦƻǊ ŘŀǘƛƴƎ ŀǊŜ ǎubsequently wet sieved. At present the routine 

method uses the 46-тр ˃Ƴ fine-grained fraction, since the dissolution time decreases with the grain 

size (Ringbom et al. 2011).  

Coarser grain size fraction (300-рлл ˃Ƴύ is checked for alkalinity test with phenolphthalein dissolved 

in alcohol (Hajdas et al. 2017). An alkaline reaction may indicate the presence of calcium hydroxide, 

which will react with the modern CO2 in the atmosphere, affecting the result and leading to a 

younger age. For this reason, alkaline samples are not usually dated (Lindroos 2005). Preliminary 

petrographic analysis under polarizing light microscopy is also performed in order to determine the 

different mineralogical phases of mortar samples.  

After sieving, cathodoluminescence (CL) is carried out on the fine grain size fraction to identify the 

presence of contaminants. The fine grains are spread over a glass backing glued with a 

polysaccharide and placed in a vacuum chamber and irradiated with an electron beam. The CL 
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enables to distinguish between different carbonate phases with slightly different crystallinity and 

trace element chemistry (Marshal 1988; Machel 2000; Pagel 2000). The causes of the luminescence 

of carbonates are defects in the crystal structure or impurities hosted in the crystal lattice. The most 

important factor determining the colour and intensity of the luminescence is the Mn2+/Fe2+ ratio in 

the calcite (Habermann et al. 2000). Binder presents usually a dark brown colour with variations 

from tile red to nearly black, while limestone and calcite CL colour is orange and the quartz CL colour 

is blue (Lindroos 2005). In some cases, however, the contaminants are not luminescent or they have 

lost their luminescence due the weathering, fire damage, etc. (Heinemeier et al. 2010). 

The dissolution is done in a vacuum system with 85% phosphoric acid at 0° poured on the sample 

powder (fig. 3). The CO2 fractions are collected on the basis of reaction times (Heinemeier et al. 

1997). The phosphoric acid reaction is the following: 

CaCO3 + H3PO4 Ҧ /ŀIth4 + CO2 + H2O 

The process starts out with a violent reaction, liberating CO2 from 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 limestone (Heinemeier et al. 2010). The first fraction is usually produced and captured 

in ten seconds or less. Two consecutive CO2 fractions of similar size are collected usually within 100 

s and the next increments are collected during the following hours (Lindroos et al. 2019). Typically, 

five CO2 increments from about 100 mg samples powders are collected in order to create the age 

profiles of the samples, and usually the first three are dated.  

During the reaction, the dissolution times and the CO2 pressure are monitored and registered. The 

CO2 pressure is determined for each increment and the amount of carbon it contains is calculated. 

Thereafter, the CO2 increments are split into two parts, one converted to graphite for AMS 14C 

measurement, and the other for the determination of stable isotope ratios of carbon and oxygen 

(Lindroos 2005). The conventional 14C dates are calibrated using OxCal v 4.3.2 program (Bronk-

Ramsey 2017). 
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Fig. 3: CO2 preparation line used in the laboratory of the Abo Akademi. The sample is held in the reactor vessel to the 

left and the acid is introduced as excess 85% H3PO4 with a burette. The cold trap contains isopropanol cooled down to 

-70°C. CO2 is collected in glass 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 14C profiles are the most reliable and sensitive indicators of the activity of the different 

contaminants and their correct interpretation is the key to successful dating. In the profile the 14C 

age is plotted as a function of the proceeding hydrolysis. A typical profile displays a concave 

curvature, characterized by rapidly dissolving mortar binder and slowly dissolving contaminants. 

The first CO2 fraction, released by the mortar binder, will have a 14C age close to the right 

archeological age όǘƘŜ ǘǿƻ άƎƻƻŘ ƳƻǊǘŀǊǎέ in fig. 4). In contrast, a convex profile dipping steeply 

near the y-axis indicates the presence of rapidly dissolving young contaminants όǘƘŜ άōŀŘ ƳƻǊǘŀǊέ 

in fig. 4) (Lichtenberger et al. 2015). As shown in figure 5, if calcareous sand or gravel are used as 

aggregate in the mortar, the contamination is detectable in the profile, such as the presence of 

under burned limestone fragments (fig. 5A, Lindroos et al. 2007) and the effect of re-crystallization 

(fig. 5B, Ringbom et al. 2011).  
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Fig. 4: 14C profile showing either convex and concave curvatures. F is the fraction of reactive material transformed from 

carbonate to carbon dioxide. The horizontal gray bars along the x-axis denote the size of the extracted CO2 fractions 

relative to the total carbon yield (=1) (Lichtenberger et al. 2015, modified). 

 

Fig. 5: A) modeled contaminant effects caused by filler limestone and slowly dissolving unburned limestone residues 

(Lindroos et al. 2007, modified); B) 14C profile showing the effect of young and old carbonate contaminants (Ringbom 

et al. 2011, modified). 

 

 

In case of pozzolana mortars, age profiles revealed a more complex pattern as shown in figure 5B. 

The correct age is revealed usually in the middle of the profile, while the first fraction is affected by 

young carbonate contamination and the last fractions reflect contamination of slowly dissolving 

geological carbonate (Ringbom et al. 2011, 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; Ringbom et al. 2011).  

Criterion I (CI): The 14C ages of the first two CO2 fractions are the same (one sample per building unit 

is in principle 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 profiles show an increase of contamination in later CO2 fractions. If, however, the first 

fractions from the same building unit consistently yield the same age, the result is considered 

successful according to Criterion II (CII) (Ringbom et al. 2014). 

Criterion II (CII): Mutual agreement between the dates of the first CO2 fractions in a series of three 

or more samples from one single building unit. The rationale behind this criterion is the following: 

although the age gradient indicates a degree of contamination in fraction 2 (and therefore possibly 

also in fraction 1) it is more likely that all first fractions have insignificant limestone contamination 

than all of them having the same amount of significant contamination, leading to the same age 

excess for all samples (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 valid for dating, 

but need support of age control from other dating methods and other materials, such as 

dendrochronology and 14C analysis of organic materials embedded in the mortar (Ringbom et al. 

2014). 

Criterion III (CIII): Mutual agreement between the dates of the first CO2 fractions in two samples 

from a single building unit (Heinemeier et al. 2010). 

Criterion IV (CIV): The last criterion includes samples where the first CO2 fraction from one sample 

in a building unit yields a date that fits into a relative chronology (Heinemeier et al. 2010). 
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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 of archaeological and geological materials. The physical mechanism consists in the trapping 

of electron charges as a consequence of the interaction with radiation and, in the subsequent light 

emission, upon heating at high temperature or expose to light (bleaching event). The quartz and 

feldspar grains found in pottery, 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 the two minerals, 

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 the age. For dating, the amount of absorbed energy per mass 

of mineral (1 J kg-1 = 1 Gy (Gray)) due to natural radiation exposure since bleaching (Palaeodose or 

Equivalent Dose, De) 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 exposure acting on the sample over a certain 

time (radiation absorbed annually, Gy/year).  

This relation is represented by the following equation: 

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

 

Luminescence dating in Archaeology 

The possibility of 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 Oxford University by Martin Aitken (Aitken et al. 1964; Aitken et al. 1968). In 

ǘƘŜ тлΩǎΣ ǘǿƻ ǎŀƳǇƭŜ ǇǊŜǇŀǊŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ ǿŜǊŜ ǎǘǳŘƛŜŘΥ ǘƘŜ ǎƻ-called fine-grain (Zimmermann 

1971) and coarse-grain (Fleming 1970) techniques. These methods consider grains of different sizes 

extracted from the ceramics. Soon after TL became a dating tool for archaeological ceramics, 

Fleming (1979) discovered the potential of TL for dating brickwork. In this case, the TL dating refers 

to the moment of the bricks firing. The first step of the application of this technique to historical 
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building was made by Goedicke et al. (1981). The results appear both precise and accurate using the 

polymeral fine-grain technique. This was confirmed by other dating works on European historical 

buildings located in Denmark (Abrahamsen et al. 1998), Czech Republic (Cechák et al. 2000), Finland 

(Hutt et al. 2001), Germany (Göksu and Schwenk 2001) and Italy (Martini and Sibilia 2001). 

Nevertheless, thermoluminescence cannot solve all the problems concerning the dating of historic 

buildings. In fact, 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 unfired brick or natural materials 

such as natural stones and mud bricks that can obviously not be dated with thermoluminescence 

(Goedicke 2011). To overcome these limits, studies on the possibility of dating historical mortars 

through optically stimulated techniques (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 suitable 

dosimeter (for the reconstruction of accident doses after incidents at nuclear power plants) by 

Bøtter-Jensen et al. (2000). Many of them noted the problem of age over-estimation being a logical 

consequence of the analytical technique employed. This is known as a Multi Grain (MG) aliquot 

analysis and it consists in measuring the average luminescence signals emitted by tens or hundreds 

of grains together (Goedicke 2003). The multi-grain technique gave acceptable values of absorbed 

dose only with well-bleached samples while it obviously overestimated in 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 luminescence signals (Urbanová et 

al. 2018). The development of the Single Grain technique (SG-OSL) (Murray and Roberts 1997; Duller 

and Murray 2000; Murray and Wintle 2000; Bøtter-Jensen and Murray 2002) based on the OSL signal 

of each single quartz grain, has allowed the identification of the best-bleached grains in a 

heterogeneously and/or incompletely bleached mixture. This technique is highly time-consuming 

because usually only less than a few percent of the grains give acceptable signals. The analysis of a 

huge number of grains is therefore required (Duller et al. 2000; Goedicke 2003, 2011). Recently 

published studies on mortar dating (Urbanová et al. 2015; Urbanová et al. 2016; Urbanová and 

Guibert 2017; Panzeri 2017) demonstrate 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 ceramic samples, the so called fine-grain technique 

(Zimmermann, 1971) is mainly used. It consists in the selection of the grain size fraction between 1 

ŀƴŘ у ˃Ƴ, without any mineral separation. After a 2 mm layer from the surface has been removed, 

the pottery fragment is crushed with a mortar or the powder is sampled using a drill. By 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 by diameter, grains in the 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 electrons. The curve representing the intensity of emitted light as a function 

of the temperature is called glow-curve, that usually comprises a series of peaks. The glow-curve 

shape and intensity depend on the type and energy of radiation. The resulting TL signal is 

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

 

Optical Stimulated Luminescence (OSL) 

The Optical Stimulated Luminescence (OSL) is the 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 mortar sample 

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

to the moment of mortar making (Zacharias et al. 2002). The sample preparation method mainly 

uses for OSL dating is the coarse grain technique (Fleming 1970). It consists in a first step in which 

ǘƘŜ ǎŀƳǇƭŜ ƛǎ ǎƛŜǾŜŘ ǘƻ ŀ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ōŜǘǿŜŜƴ млл ŀƴŘ олл ˃ƳΦ ¢ƘŜƴ ǘƘŜ ǇƻǿŘŜǊ ƛǎ ǿŀǎƘŜŘ ƛƴ ǿŀǘŜǊ 

that removes the eventual presence of clay and a series of chemical attacks (HCl and H2O2) for 

eliminate carbonates and organic materials are carried out. It is then performed a density separation 

using sodium polytungstate solution to eliminate heavy minerals and, subsequently, to separate 

quartz from feldspars etching the quartz grain in concentrated HF, which is also needed to remove 

ǘƘŜ ŜȄǘŜǊƴŀƭ ƭŀȅŜǊǎ ƻŦ ǉǳŀǊǘȊ ƎǊŀƛƴǎ ǘƘŀǘ ǊŜŎŜƛǾŜŘ ŀƴ ʰ ŘƻǎŜ (Mejdahl 1985). Finally, another 

treatment in HCl is performed to eliminate any fluorides produced (Zacharias et al. 2002; Preusser 

Ŝǘ ŀƭΦ нллуύΦ Lǘ ƛǎ ǘƘǳǎ ƻōǘŀƛƴŜŘ ŀ ǇƻǿŘŜǊ ŎƻƳǇƻǎŜŘ ƻŦ ƎǊŀƛƴǎ ƻŦ άǇǳǊŜέ ǉǳŀǊǘȊ ǿƛǘƘ ŀ ǎŜƭŜŎǘŜŘ ǎƛȊŜΦ 
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All the sample preparation phases are made in semi darkness, using a red light, since the light could 

bleach the OSL signal retained in quartz grains. This procedure is a standard for the OSL dating 

protocols. 

One of the major problems in OSL dating is the incomplete bleaching of the latent signal. An 

incomplete zeroing 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 process, especially for what concern the mixing and working procedures 

at the construction site (Goedicke 2003, 2011; Panzeri 2013; Panzeri et al. 2017; Stella et al. 2018; 

Panzeri et al. 2019). The plateau test is one of the approaches to investigate if the sample has been 

completely bleached prior the mortar setting. The test consists to 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 light-sensitive than the subsequent 

following signal. As a consequence, one would expect an increase of palaeodose with stimulation 

time (temperature) for incompletely bleached samples and a flat shine-plateau-plot for samples 

that were completely reset (Preusser et al. 2008). 

 

Determination of the palaeodose (De) 

The measurement of palaeodose comprises three different steps: irradiation, preheating and 

measurement of luminescence. Irradiation 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, capture electrons. 

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 (Murray and Wintle 1999). Once this preheating of 

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

The evaluation of the dose absorbed by the sample (De) consists of a comparison between the 

luminescence signal obtained 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 sample. In principle there are 
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two different approaches to determine the palaeodose: additive dose and regenerative dose. In the 

additive dose approach an artificial laboratory-induced signal is added to the natural signal, while in 

the regenerative dose method the latent luminescence 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 

increasing dose. The additive dose method is used for TL dating, while regenerative dose method 

for OSL dating.  

The additive dose method 

The additive method utilizes the multiple aliquots methodology (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 other groups are 

artificially irradiated before being analyzed, 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 relation is fitted 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 

Paleodose. The major disadvantage of a multiple aliquot approach is that each aliquot often behaves 

differently (due to e.g., variable sensitivity changes, incomplete and variable bleaching, etc.) giving 

rise to scatter in the data (Preusser et al. 2008). In this case, it could be necessary a normalization, 

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 regenerative dose method 

The main aspect of this approach is that all measurements are carried out on a single aliquot of 

sample, avoiding problems related to the normalization. The main advantages of the methodologies 

are the improved precision, rapid measurements and less sample needed (Bøtter-Jensen and 

Murray 2002). The most widely used protocol for single aliquots for OSL measurements is the Single 

Aliquot Regeneration protocol (SAR), mainly developed by Murray and Wintle (2000, 2003). In this 

protocol, the natural luminescence signal is measured from all single aliquot and then the laboratory 

doses are given, with several cycles of artificial radiation and reading of the signal. The obtained 
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values are used for the construction of the response curve for each single aliquot. Once the curve is 

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 curve. The critical disadvantage is that an error in 

paleodose will occur if there is a change of sensitivity between measurement of natural OSL and the 

laboratory regenerated OSL (Murray and Wintle 1997). The luminescence sensitivity of the aliquot 

changes depending on the laboratory procedures (e.g. the temperature and duration of the preheat 

treatment), and conditions during burial (e.g. ambient temperature) (Duller 2008). To carry out the 

sensitivity correction, a so-called test dose, which remains constant during the whole protocol, is 

given after measuring each regenerative (including natural and zero) dose (Wintle and Murray 

2000). Thus the SAR protocol comprises different steps: give dose Di, preheat, OSL reading (Li), test 

dose Dt, preheat, measured OSL (Ti) (Murray and Wintle 2000). The performance of each individual 

SAR cycle is also verified by two internal tests: recuperation and recycling ratio. The first test 

(recuperation) consists of a new OSL measurement, at the end of each cycle, to check if the sample 

has been emptied after each irradiation reaching the complete bleaching (Duller 2008). The second 

test (recycling ratio) confirms whether correction for sensitivity change was successful. The recycling 

test consists in applying the same regeneration dose in two different cycles, and giving the ratio of 

the sensitivity corrected luminescence signals from the two measurements. A basic requirement 

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

can be retrieved by the measurement procedure. For testing this, a so-called dose recovery test is 

carried out during which the natural signal is first optically bleached and then a known laboratory 

dose is given to the sample. This known dose is then treated as unknown, applying again the SAR 

protocol. If the result of this measurement is still the same, then the parameters used for the 

determination of equivalent dose are appropriate (Duller 2008; Preusser et al. 2008). 

 

Determination of the dose 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 grains. In most 

cases, the accumulated dose per unit time, the dose rate, is constant ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǇŜǊƛƻŘ ƻŦ άƭƛŦŜέ 

of the tested sample. The annual dose-rate 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 families 238U, 232Th, 

40K and, to a much lesser extent, 87wōΦ ¢ƻ ǘƘŜǎŜΣ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ŀ ŎƻǎƳƛŎ Ǌŀȅ όƳŀƛƴƭȅ ʴύ ŘƻǎŜ Ƙŀǎ 

to be added.  

The annual dose can be written as the sum of different ŎƻƴǘǊƛōǳǘƛƻƴǎ ʰΣ ʲΣ ʴΥ 

5 Ґ 5ʰ Ҍ 5ʲ Ҍ 5ʴ Ҍ 5ʴ όŎƻǎƳƛŎύ 

The dose-rate is evaluated by assessment of the radioactivity of the sample and by on site 

measurement. An important aspect is the estimation of dose-rate in the presence of water. 

Therefore, for a realistic estimation of total annual dose, it is necessary to take into account the 

water content of the sample because the moisture in the interstices of sediments absorbs part of 

the radiation that would otherwise reach the grains. Hence, the dose rate in sample containing 

moisture is low than that in the same dry sediment and if the effect is ignored, there may be an 

underestimation of the age (Zimmerman 1971). Another parameter to be considered in the final 

calculation of the dose rate is the grain size of sample because the dimension of grains varies the 

capacity of absorption of the sample, as explained below (Wintle 2008). 

Dose rate for fine grain 

For samples prepared following the protocol fine grain for TL dating, the annual dose value can be 

evaluated from ǘƘŜ ʰΣ ʲ ŀƴŘ ʴ ǊŀŘƛŀǘƛƻƴ ŘǳŜ ǘƻ ǘƘŜ ƛƴǘŜǊƴŀƭ ǊŀŘƛƻŀŎǘƛǾƛǘȅ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǘƘŜ ǎŀƳǇƭŜ 

ŀƴŘ ŦǊƻƳ ǘƘŜ ŎƻǎƳƛŎ ǊŀŘƛŀǘƛƻƴ ŀƴŘ ǘƘŜ ʴ ŘƻǎŜ ŎƻƳƛƴƎ ŦǊƻƳ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ (Zimmerman 1971; 

Wintle 2008). In fact, during the sample preparation the 2 mm outer are removed and the radiation 

ʰ ŀƴŘ ʲ ŘǳŜ ǘƘŜ ŜȄǘŜǊƴŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ƛǎ ƴŜƎƭƛƎƛōƭŜΣ ǎƛƴŎŜ ʰ ǊŀŘƛŀǘƛƻƴǎ Ŏŀƴ ǇŜƴŜǘǊŀǘŜ ǘƘŜ ǉǳŀǊǘȊ ƻƴƭȅ 

of about 20-ол ˃ƳΣ ǿƘƛƭŜ ǘƘŜ ʲ ǇŜƴŜǘǊŀǘŜ н-3 mm. The total annual dose for samples prepared 

according to the fine grain technique can then be written as: 

!ƎŜ Ґ ǇŀƭŜƻŘƻǎŜκ 5ʰ Ҍ 5ʲ Ҍ 5ʴ Ҍ 5Ŏ 

5ʰҐ ʰ ŦǊƻƳ ǘƘŜ ǎŀƳǇƭŜ όǿƛǘƘ ƘǳƳƛŘƛǘȅ ŎƻǊǊŜŎǘƛƻƴύΤ 5ʲҐ ʲ ŦǊƻƳ ǘƘŜ ǎŀƳǇƭŜ όǿƛǘƘ ƘǳƳƛŘƛǘȅ 

correction); 5ʴҐ ʴ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ sample and the environmental; Dc= cosmic ray component. 
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Dose rate for coarse grain 

For samples prepared following the coarse grain protocol for OSL dating, the unique contributions 

to consider are those from ǘƘŜ ʲ ŀƴŘ ʴ ǊŀŘƛŀǘƛƻƴ ό²ƛƴǘƭŜ нллуΤ Doedicke 2011) the contribution of 

ʰ particles can be neglected: they can penetrate only the outermost layer of the grains (10˃Ƴ, 

Preusser et al. 2008), which is removed during the physical-chemical 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 = ǇŀƭŜƻŘƻǎŜκ 5ʲ Ҍ 5ʴ Ҍ 5Ŏ 

5ʲҐ ʲ ŦǊƻƳ sampleΤ 5ʴҐ ʴ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ sample and environment; Dc= cosmic ray component. 
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CASE STUDY 1: MEDIEVAL MODENA CATHEDRAL UNESCO SITE 

3. INTRODUCTION AND AIMS  

3.1. Introduction 

The seismic event that hit the Emilian plain in 2012 caused an extensive damage to the historical 

and artistic heritage (Candigliota et al. 2012; Decanini et al. 2012; Indirli et al. 2012; Parisi and 

Augenti 2013; Andreini 2014; Graziani et al. 2015). More than two thousand earthquakes occurred 

from May 16 to June 26, 2012 and seven of these with a magnitude greater than 5. Two main shocks 

took place on May 20, 2012 (02:03:52 UTC, Finale Emilia (MO), Mw 5.9, PGA 0.078) and May 29, 

2012 (07:00:03 UTC, Medolla (MO), Mw 5.8, PGA 0.107) (ISIDe, http://iside.rm.ingv.it/; Dolce et al 

2012 Report I and II).  

The cathedral masonry cross-vaults of the UNESCO World Heritage Site of Modena suffered several 

damages and their conditions appeared alarming. 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 patter shows the presence of new fractures and that previous ones have 

been reopened (Baraccani et al. 2015; Baraccani et al. 2017; Baraccani et al. 2019).  

An anti-seismic reinforcement project was planned with the aim to determine the vulnerability of 

the cathedral analyzing the damages suffered in the past. The structural restoration and the 

strengthening plan were formulated and carried out by Studio Tecnico Silvestri of Modena (Elena 

Silvestri, Architect, and Professor Tomaso Trombetti, Engineer) and funded by Regione Emilia 

Romagna (Baraccani et al. 2015). 

My research has pursued in parallel with the consolidation work and it has found the support by 

UNESCO. The aim of the study is to investigate the building materials and to clarify the history of 

the vaults building and repairs. According to historical documents (Dondi 1896; Baracchi and 

Giovannini 1988; Baracchi 1993), the vaults were progressively added to the main framework during 

the 15th century but the issues regarding the construction phases and the restoration works are 

uncertain and unclear. Therefore, the absolute dating of building materials represents the only way 

to obtain reliable data. 

http://iside.rm.ingv.it/
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The thesis applies an integrated approach using three independent methods: radiocarbon dating 

and Optically Stimulated Luminescence for dating mortars and Thermo-luminescence to date bricks.  

The comparison of two accredited different sample preparation technique of mortar (Cryo2Sonic 

and sequential dissolution) for radiocarbon has been performed in order to identify the most 

successful and suitable method for lime mortars rich in carbonate aggregate.  

 

3.2. Problem definition  

At the beginning of the research, when the restoration project began, preliminary surveys have been 

carried out on the extrados of the vaults in order to investigate the building. The study has been 

performed removing the thin plaster layer that covered the bedding mortars and the bricks. The 

surveys revealed that large portions of the vaults were constructed using two different type of 

mortars: gypsum mortars and lime mortars. These unexpected data suggest different structural 

restoration carried out in the past using different materials and techniques, probably related to 

damages suffered after the main earthquakes which struck the area. 

The first part of the research was focused on the mapping of the building materials and a systematic 

sampling was performed for the compositional study. Moreover, the CPTI15 earthquakes catalogue 

(Rovida et al. 2016) was examined in order to identify the seismic events that have actually affected 

the Cathedral vaults.  

 

The second part of the research was focused in applying the absolute dating techniques of building 

materials in order to clarify the history of interventions. Radiocarbon dating by Cryo2sonic and by 

sequential dissolution and Optically Stimulated Luminescence have been carried out to date the 

lime mortars and Thermo-luminescence to date bricks. For the correct application of the 

radiocarbon dating and for the interpretation of results, petrographic characterization of mortars 

has been performed. Moreover, the analysis of the pollen trapped in the mortar has been tested in 

order to identify chronological markers, in particular for the gypsum mortar that is not directly 

datable. The dates known from historical documents have been used to constrain the results of the 

absolute dating methodologies. 

 



33 

3.3. Aims 

The objectives of the study are:  

¶ Obtain information on the provenance of raw materials and the features of the building 

materials used for the construction of the vaults and their restoration; 

¶ Provide new consideration about the timing of the original vaults construction and the 

history of the later interventions; 

¶ Correlate the renovation works to the earthquake chronology deduced from the historic 

catalogue (Rovida et al. 2016); 

¶ Assess the vulnerability of the actual state of the Cathedral and clarify the damages suffered 

in the past; 

¶ Perform the absolute dating of the phases of construction and repair; 

¶ Verify which absolute dating method is the most suitable for this research and test different 

preparation technique to the same set of samples in order to compare the capabilities and 

identify the most successful method. 
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4. MODENA MEDIEVAL UNESCO SITE  

The Modena Medieval monumental complex consists in the Cathedral, the Civic tower Ghirlandina 

ŀƴŘ ǘƘŜ ōǳƛƭŘƛƴƎǎ ŦŀŎƛƴƎ ǎǉǳŀǊŜ άtƛŀȊȊŀ DǊŀƴŘŜέ (fig. 6). In 1997 ƛǘ ǿŀǎ ŘŜŎƭŀǊŜŘ ά¦b9{/h /ǳƭǘǳǊŀƭ 

IŜǊƛǘŀƎŜέ ǎƛǘŜ. ¢ƘŜ ƳƻƴǳƳŜƴǘŀƭ ŎƻƳǇƭŜȄ ǿŀǎ ōǳƛƭǘ ōŜǘǿŜŜƴ млффΣ ŘŀǘŜ ƻŦ ǘƘŜ /ŀǘƘŜŘǊŀƭΩǎ 

foundation marked on a stone on its façade, and 1319, when the construction on the Ghirlandina 

was completed (Piccinini 2009).  

Fig. 6: the UNESCO site of Modena. The main façade, 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 al. 1984), the chronological sequence of construction of the Cathedral is difficult 

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

The laying of the first stone of the Cathedral happened on 6th June 1099 and the construction was 

carried out under the coordination of the architect Lanfranco and sculptor Wiligelmo, proceeding in 

parallel with the erection of the lower portion of the tower Ghirlandina (Dieghi 2009; Labate 2009). 

The inscription on the southern side of the Cathedral celebrates the consecration of the building on 

12nd July 1184, suggesting that the construction was completed. Between the 12th and the 13th 

centuries the Campionesi Masters ǇŜǊŦƻǊƳŜŘ ǎƛƎƴƛŦƛŎŀƴǘ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ǘƻ ǘƘŜ ŜŘƛŦƛŎŜΩǎ ƻǊƛƎƛƴŀƭ 

structure adding some gothic architectural elements and they completed the construction of the 

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

The cathedral is liturgically oriented basilica with three naves closed by three semicircular apses and 

a false transept. It has a presbytery in an elevated position, due to the presence of a crypt containing 
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the corpse of the city's patron, Saint Geminianus. The central nave has five large spans while the 

lateral aisles have eight, whose dimensions are half the size of the central ones. The interior space 

is divided by sturdy pillars and large columns used alternated for the support of the 15th century 

vaults (fig. 7).  

Fig. 7: the 15th century vaults of the Modena cathedral. 

 

4.1. Construction timing of the vaults 

According to Baracchi and Giovannini (1988) the vaults were built in order to prevent dangerous 

water infiltration from the wooden roof of the Cathedral and their construction started in the 1404. 

Baracchi (1993) reports a contract of 1404 in which is expressed the will of Rangone Petrazzini, 

Massaro of 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 Nicolò 

Boiardi. The work was assigned to the Master Bartolomeo de Foco who was committed to start the 

construction of the five vaults in May 1404 and to finish it in November 1404. However, the project 
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was not completed. The contract is included in a deed of 4 May 1414, in which is documented the 

suspension of the work few years after the beginning, due to the dead of the Master Bartolomeo 

de Foco and the Massaro, and the resumption of work with the election of the new Massaro Alberto 

Rangone. The deed of 15 February 1415 reports that only the most eastern vault was completed 

and that the construction for the other vaults was suspended. Therefore, it can deduce that the first 

vault was built between 1404 and 1415. 

The construction of the vaults proceeded 30 years later. The will to build a new vault next to the 

one already in existence is reported in the testament of 26 December 1436 of the new Massaro of 

the Fabbriceria Lodovico Roncosifrego. It is likely that he died several years later because his heirs 

made the deed for the construction of the vault on June 1443. The work was completed in 1445, as 

reported the deed of 25 March 1445, in which is indicated that the vault was already built and 

painted by Giovanni da Modena. 

After the conclusion of the second vault, the widow of Lodovico Roncosifrego, Costanza Albicini, 

decided to continue the work. She dictated in her testament the wish to build a new vault next to 

the one built by the will of the departed husband. The testament is included in a deed of 4 November 

1446, in which is also reported the dead of the woman and the expected beginning of the work in 

the same year. At the end of the deed, the agreement concluded between the son of the woman 

and the bricklayers is described. The latter (Stefano da Ferrara and Giacomo da Rubiera) undertook 

to finish the construction on August 1447 but no document indicates if the project was really 

realized following this timeframe (Baracchi 1993). 

The last two central vaults were built, respectively, for the will of the family Forni and Fontana and 

the bricklayer Giacomo da Rubiera was commissioned the work (Baracchi 1987). On September 

1453 the vaults were completed and painted by Giovanni da Modena (Baracchi and Giovannini 

1988). 

Although the initial intention was to build the five vaults of the central nave in few months, the 

construction took several decades, from 1404 to 1453, thanks to the contribution of private 

benefactors.  

Unlike the central vaults, the construction timing of the lateral aisles is not plenty documented. Only 

few information appeared in Baracchi and Giovannini (1988), where is reported a deed of 25 

February 1433 in which the will of family Guidoni to build the two most western vaults of the 
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northern lateral aisle is expressed. The deed also mentions that the two parallel vaults, in the 

southern lateral aisle, have already been built. According to Dondi (1896), the construction of the 

lateral aisle was concluded in 1454. 

The construction phases of the vaults, deduced from the historic documents, is shown in figure 8. 

Fig. 8: building phases of the Modena cathedral vaults. 

 

 

4.2. History of the restorations of the vaults 

In order to determine the vulnerability of the Cathedral, it is fundamental identify the damages 

suffered in the past and reconstruct the history of the restoration. In this phase of the research the 

catalogue of the historic earthquake was consulted in order to identify the damaging earthquakes 

that may have affected the Cathedral and the historical sources were investigated. The documents 

(Dondi 1896; Baracchi and Giovannini 1988) report that several restorations were carried out during 

the 16th century immediately after the vault construction but no more information are given for 

the subsequent interventions until the 19th century when the consolidation project of the Cathedral 

and the Tower started (Acidini Luchinat et al. 1984).  
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4.2.1. Catalogue of ancient earthquakes 

The research was carried out examining the CPTI15 earthquakes catalogue (Rovida et al 2016). 

According to criteria following in Baraccani et al. (2014), several damaging, great moment 

magnitude (Mw) and high Peak Ground Acceleration (PGA) value earthquakes have been selected. 

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

located in various areas. In table 1 the chosen earthquakes are reported. 
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Tab. 1: list of the earthquakes occurred after vaults construction with great Mw and high PGA values. 

 

 

4.2.2. 16th century restoration works 

The first intervention after the vaults construction is attested in 1455 when one of the vaults in the 

ƴƻǊǘƘŜǊ ŀƛǎƭŜ όbтύ ǿŀǎ ŘŀƳŀƎŜŘ όά/ŀŘŞ ƛƭ ŎƻǾŜǊǘƻ ǎƻǇǊŀ ƭŀ Ǿƻƭǘŀ ŘŜ ƭƛ ŎŀǎǘŀƭŘƛέΤ Dondi 1896). Few 

years later, in 1462, Giacomo da Rubiera was commissioned to repair one of the northern vaults, 

probably the vault N2, where the new organ was placed, while in 1481 the northern vault N5 was 

mended after the collapse ƻŦ ǘƘŜ ǊƻƻŦ όάtŜǊ ŦŀǊ ŎƻƴȊŀǊŜ ǳƴƻ ǇŜȊƻ ŘŜƭ ŎǳǇŜǊǘƻ ǎƻǇǊŀ ƭŀƭǘŀǊŜ ŘŜƭŀ 

/ƻƳǳƴŀ ŎƘŜ ŜǊŀ ŎƘŀǎŎŀǘƻ ǇŜǊ ƭŀ ƴŜǾŜέ; Baracchi and Giovannini 1988). The northern aisle near the 

Tower Ghirlandina is the most precarious because of the weight of the snow that melts slowly in 

the north side, and the falling of marble slabs from the Tower (Baracchi and Giovannini 1988). 

Another restoration was performed in 1490, this time on the southern vault of the altar of Saint 

Bartolomeo, identified with the vault S4 όάtŜǊ ŦŀǊ ŎƻƴȊŀǊŜ ǳƴƻ ǇŜȊƻ ŘŜ ŎƻǾŜǊǘƻ ŘŜƭŜ ǾƻƭǘŜ ŘŜ ƭŀ ƎƛŜȄŀ 

sopra la volta de laltare de San Batolome era cŀŘǳǘƻΧέΤ Baracchi and Giovannini 1988). 

As reported in the sources (Dondi 1896; Baracchi and Giovannini 1988) the vaults suffered the 

greatest damage after two strong earthquakes occurred in the 16th century. The earthquake of 

1501 (Castelvetro (Mo), Mw 5.98, PGA 0.18; Rovida et al. 2106) aggravated the vulnerable 

conditions of some vaults and different interventions were performed: 
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- tie-rods were added to vaults ƻŦ ǘƘŜ ŀƭǘŀǊ ƻŦ άbƻǎǘǊŀ 5ƻƴŀέ όǾŀǳƭǘǎ {т-S6) (Baracchi and Giovannini 

1988);  

- the central vaults close to the façade (C5) was repaired and the damaged wooden beams of the 

roof were replaced όάǳƴŀ ŎǳƭƳŜƎƴŀ ǎƻǇǊŀ ƭŀ ƎƛŜǎŀ ǾŜǊǎƻ ƭŜ ǇŜƭƛȊŀǊƛŜέΤ .ŀǊŀŎŎƘƛ and Giovannini 1988); 

- the pillars of the central nave that withstand the weight of the vaults were reinforced όάƛƳǇƛƻƳōŀǊ 

ƭƛ ǇƛƭŀǎǘǊƛέΤ .ŀǊŀŎŎƘƛ and Giovannini 1988); 

- the new sacristy in the northern side of the Cathedral in proximity of the vaults N3-N2 was 

renovated (Dondi 1896) 

After 4 years, another damaging earthquake occurred (Bologna, Mw 5.57, PGA 0.05; Rovida et al. 

2106) and further works were needed: 

- tie-rods were added to the northern vault of the altar of Saint Caterina and the northern vault of 

the pulpit (N7-N6) (Baracchi and Giovannini 1988); 

- the fractures on the façade were mended (Dondi 1896). 

In the following years, the condition of the roof deteriorated and many restorations are 

documented because of its collapse on the vaults. In particular, in 1511 the northern vault of the 

organ (N2) was damaged due the abundant snowfall, while in 1513 the central vault C4 was rebuilt 

όά{ǇŜȄŜ ǇŜǊ ŦŀǊŜ ƛƭ ŎƻǇŜǊǘƻ ŘŜƭ ŘƻƳƻ Řŀƭŀ Ǿƻƭǘŀ ŘŜ ǉǳƛƭƛ ŘŜƭ CƻǊƴƻ ǉǳŀƭŜ ǎƛ ŜǊŀ ŎŀǎŎŀǘŀ Ŝ ǊƻǘŀέΤ 

Baracchi and Giovannini 1988). !ƎŀƛƴΣ ƛƴ мрмрΣ ǘƘŜ ƴƻǊǘƘŜǊƴ Ǿŀǳƭǘ bн ǿŀǎ ǊŜǇŀƛǊŜŘ όάǇŜǊ ŦŀǊ ŎǳƴȊŀǊŜ 

la volta dove è li mantexi de ƭƻǊƎŀƴƻέΤ .aracchi and Giovannini 1988) and in 1533 the reconstruction 

of the wooden roof was carried out (Baracchi and Giovannini 1988).  

Figure 9 shows the several vaults that have suffered damages in the past as reported 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 vaults. The inspections were performed in 

order to verify the state of preservation of the roof structure, especially after the earthquake of 

1832 (Reggio Emilia, Mw 5.51; Rovida et al. 2016). Several fractures were detected on the vaults 

and the impairment of the wooden roof were identified. 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 façade (C5) appeared more recent and well preserved (Pistoni 1977; Acidini 

Luchinat et al. 1984).  

In 1840 the finale report of the strengthening interventions recommended to renovate the roof of 

the central nave, to rebuild the central vaults C1, C3 e C4 and to reconstruct the roof of the sacristy 

(Pistoni 1977). 

According to Acidini Luchinat et al. (1984), in 1841 the consolidation work was concluded but it 

should be noted that not all the activities that were projected were carried out and that is difficult 

to pinpoint which interventions were actually performed. 
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To conclude, it should be take into account also the 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 

ǇŀǊǘƛŎǳƭŀǊ ǘƘŜ ŘƻƻǊ άtƻǊǘŀ ŘŜƛ tǊƛƴŎƛǇƛέ damaging the two vaults near the door (S7-S6) (Acidini 

Luchinat et al. 1984). 

 

4.3. Damages 2012 earthquake 

After the 2012 sequence seismic, the main vulnerabilities have been identified on the 15th century 

vaults. The mapping of the fracture and crack networks revealed an alarming situation since most 

of the fractures, previously assessed, were re-opened, as shown in figure 10 (Baraccani et al. 2015; 

Baraccani et al. 2017; Baraccani et al. 2019). The anti-seismic reinforcement project has been 

planned in order to increase the safety 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 carbon-fiber mesh, while the plaster of the intrados 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 the reinforcement work, the thin lime layer that covered the vaults was removed 

and a detailed survey was carried out on the extrados of the vaults in order to identify the type of 

mortars embedded with the bricks. The first part of this chapter concerns the mapping and the 

systematic sampling of the building material. The compositional study has been performed trough 

the petrographic characterization of the mortars following the methodology applied for the Tower 

Ghirlandina (Lugli at al 2010) and Finale Emilia Town Hall (Lugli et al. 2016). The method allows to 

identify the raw material sources of the mortars and the history of the building techniques. 

In the second part of the chapter, the absolute dating methods of the building materials is reported. 

The radiocarbon dating of lime mortars is presented and the two sample preparation techniques 

(Cryo2Sonic and sequential dissolution) are described. OSL on lime mortars and TL on bricks have 

been used to test the radiocarbon results using independent methodologies. Moreover, the analysis 

of the pollen, trapped in the mortars, has been applied for the reconstruction of the environment 

at the time of the mortar preparation.  

 

5.1. The sampling 

Several surveys have been carried out on the extrados of the vaults. The first investigations were 

performed removing the lime layer of the vaults only in few and small sections. For each uncovered 

area of the vaults, the mortar type was identified. The survey revealed that portion of the vaults 

were constructed using both lime and gypsum mortar (fig. 11). In order to clarify the building and 

restoration chronology, a systematic sampling was performed for the absolute dating of the building 

material (fig. 12). The choice of the samples has been made considering the materials and the type 

of analysis to perform. Mortars and bricks were sampled from the same places. For each lime mortar 

sample, the embedded brick was collected with the aim to compare the absolute dating results. In 

the case of portions built using gypsum mortar, that is not directly datable, the brick fragments were 

sampled for TL dating. The mortar samples for OSL dating and bricks for TL dating were 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 forty-seven samples have been collected: twenty-nine mortar samples (gypsum and lime) 

and eighteen bricks fragments (fig.13).  

 

Fig. 12: sampling point of the central vault C1: A) area C4-1 gypsum mortar; B) area C1-1 lime mortar. 

 

Fig. 13: sampling points of mortars and bricks. 
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Once the lime layer that covered the vaults was totally removed, a detailed mapping of the vaults 

has been completed. Figure 14 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 using different binders, were revealed. The result is a complex patchwork of lime repairs 

over original gypsum vaults and gypsum repairs over original lime vaults. No apparent systematic 

construction criteria were followed to dictate the use of lime or gypsum binders.  

In particular, the central vault C5 appeared to be the most modified over time: as shown in figure 

15 three different type of mortar (lime, gypsum G1 and gypsum G2) were identified and for each 

portion new samples (mortar and brick) were collected. The gypsum mortar G1 and the gypsum 

mortar G2 present different grain size, detectable during the macroscopic survey. Sample G1 appear 

a coarse-grain size gypsum mortar, while sample G2 fine-grain size gypsum mortar. These two type 

of gypsum mortars (G1 and G2) were recognized also in the central vault C4. According to the 

restoration work schedule, it was possible to carry out an accurate study of the gypsum portion only 

on the central vaults C4 and C5. Thus, it can not be excluded that also the remaining vaults were 

build and/or modified using different type of gypsum mortars, such as G1 and G2.  
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Fig. 14: detailed mapping of the portions built using different binder: lime and gypsum.  
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Fig. 15: accurate mortar recognition of the vaults C4 and C5. The figure shows the portions build using lime mortar, 

gypsum mortar G1 and gypsum mortar G2. 

 

The final amount of samples collected is fifty-three, thirty-two of mortar samples (lime and gypsum) 

and twenty-one brick samples. The samples selected for absolute dating and pollen analysis is listed 

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 be 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 

situation was recognized. In particular, the vault N3 is one of the most vulnerable of the northern 

vaults, as reported by the historical sources, and 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 selected for 14C dating. Fifteen brick 

samples were chosen for TL dating and two lime mortar samples for OSL dating.  
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The pollen analysis was tested on six mortar samples chosen according to the absolute dating 

results. 

 

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

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

The petrographic analysis of mortars provides valuable information on ancient mortars technology 

(Pavia and Caro 2008) and it represents a fundamental tool for the determination of the supplying 

sources of the raw materials (sand and rocks for lime production) (Hughes et al. 2001; Lugli et al. 

2007; Fratini et al. 2008). This information is to take into account during the manufacture of new 

building materials for the restoration works. Mortar cannot be reused, as bricks, and its 

characteristic can be utilized to indirectly distinguish different construction phases of historic 

buildings (Lugli et al. 2010; Lugli et al. 2013; Lugli et al. 2016).  

The mortar samples were vacuum impregnated with epoxy resin to obtain thin-sections, that were 

observed under the optical microscope in transmitted light. The main mortars features were 

described using as a reference the Document UNI-Normal 11176. The investigation enables to 

determine the composition of the aggregate, the grain size and the morphology, the sorting grade, 

the type of binder, the presence of additives, the porosity and the cracking. Furthermore, 

radiocarbon dating requires the petrographic characterization for identify the presence of 

contaminants. The petrographic analysis was performed using optical microscope LEITZ Orthoplan 

polarizing transmitted light. The optical microscope is equipped with a Nikon Coolpix 990 digital 

camera for the acquisition of micrographs.  

 

Image analysis of thin sections was performed to determine the aggregate binder ratio and the 

aggregate grain size by means of Image J free software (Carò e Di Giulio 2004; Michalska et al. 2017; 

Nonni et al. 2017). The aggregate binder ratio was calculated following the recommendation 

produced by the RILEM TC 167-COM (2001). Three photomicrographs of about 5 mm per side for 

each lime mortar samples were analyzed. The method allows to calculate the particle size 

distribution and the percentage of the area of aggregate, binder, binder related particles (BRPs) and 

pores. The average on the data obtained from the three analysis is calculated and reported. In 

figures 17A and B an example of the graphs in which the data obtained are summarized is shown. 

In the first the main characteristics of the mortar, such as the binder quantity, the aggregate, the 

BRPs and the porosity are plotted, while in the second the particle size distribution is reported. 
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Fig. 17: 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 with the collaboration of the University 

ƻŦ /ŀƳǇŀƴƛŀ ά[ǳƛƎƛ ±ŀƴǾƛǘŜƭƭƛέ ό5ŜǇŀǊǘƳŜƴǘ ƻŦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ŎƛŜƴŎŜ ŀƴŘ ¢ŜŎƘƴƻƭƻƎȅύ and the Åbo 

Akademi University of Turku (Finland). The radiocarbon dating results 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 mortars characterization for radiocarbon dating 

The preliminary petrographic analysis with the optical microscope of mortars thin sections allows 

the identification of the different carbonate elements in a mortar, as the aggregates nature (fig. 18A 

and B), BRPs (fig. 18C), secondary calcite crystallization, straw and charcoal fragments (fig. 18E and 

F), which are most probably a remnant of the burning process (Elsen 2006; Pavia and Caro 2008; 

Ortega et al. 2012; Pecchioni et al. 2014). To obtain the accurate age of a mortar it is crucial to 

eliminate components that would cause an offset of the ages, such as unburned limestone relicts, 

calcareous aggregates and new formed calcite, considered as contaminants. The identification of 

lime lumps (fig. 18D) is also carried out since lime lumps that could be separated from the mortar 

avoiding contamination from dead carbon. The preliminary petrographic analyses also help in 

characterizing the samples in order to select the best preparation procedure and to interpret the 

radiocarbon data. 
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Fig. 18: photomicrographs of lime mortar thin sections: A) the aggregate of the mortar has high percentage of limestone, 

crossed polars; B) mortar with fine aggregate, crossed polars; C) at the bottom left a fragment of partially burned 

limestone, crossed polars; D) at the center a lime lump sensu strictu crossed polars; E) at the center straw fragments, 

crossed polars; F) at the center a black charcoal fragment, natural light. 
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5.3.2. AMS Radiocarbon dating 

Once the contamination 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 mechanical pre-

treatment (Nawrocka et al. 2005; Mazaioli et al. 2011; Ortega et al. 2012; Nonni et al. 2013, 2017; 

Addis et al. 2019) and a chemical treatment (Heinemeier et al. 1997; Sonninen and Jungner 2001; 

Lindroos et al. 2007 and successive). Both techniques (Cryo2sonic and sequential dissolution) have 

been applied on the same mortar samples in order to identify the most suitable method. Nine lime 

mortar samples have been selected belonging to eight different vaults (C1-1M, C2-3M, C3-1M; C5-

4M, C5-5M, N3-2AM, N8-1M, N9-3M, S9-4M). The samples are characterized by carbonate 

aggregate and presence of underburned particles. In addition, the samples C2-3M, C3-1M, C5-4M 

and C5-5M contain many cocciopesto fragments. Therefore, the mortars could be contaminated by 

dead carbon and the presence of cocciopesto could produces weakly hydraulic mortars. As reported 

by several authors (Hodgins et al. 2011; Lindroos et al. 2011; Ringbom et al. 2011, 2014; Michalska 

and Czernik 2015; Hajdas et al. 2017; Hayen et al. 2017; Michalska et al. 2017), the radiocarbon 

dating of hydraulic mortars could be complicated and problematic.  

 

First, the mortars have been carefully processed and observed with a stereomicroscope in the 

laboratory of the University of Modena and Reggio Emilia (UNIMORE). The ones containing sufficient 

quantity of lime lumps have been selected and the lumps have been mechanically separated from 

the bulk under the stereomicroscope. Lumps of pure lime are clearly identifiable in old lime mixtures 

as they exhibit a white, rounded and a floury complexion (fig. 19, Pesce and Ball 2012).  

Fig. 19: pure lime lumps in a specimen of air lime mortar (left hand side) and detail of the lime lump (right hand side) 

(Pesce and Ball 2012). 
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The hardness of this type of lump is very low making them extremely delicate to handle and easily 

damaged (Pesce and Ball 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 (incompletely burn 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 distinguished. This selection is very time 

consuming and even if it is possible to recognize 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 on six lime mortar samples (C3-1M, C5-4M, N3-2AM, N8-1M, N9-

3M, S9-4M) at the UniveǊǎƛǘȅ ƻŦ /ŀƳǇŀƴƛŀ ά[ǳƛƎƛ ±ŀƴǾƛǘŜƭƭƛέ ό5ŜǇŀǊǘƳŜƴǘ ƻŦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ŎƛŜƴŎŜ 

and Technology). 

Bulk 

Around 20 g of mortar per sample (C3-1M, C5-4M, N9-3M) have been submerged in liquid nitrogen 

for few minutes and transferred into an oven at 80°C. These cycles were repeated 3 times for each 

sample and then the mortars have been gently crushed with a hammer (Fig. 20). The sieved powder 

όǳƴŘŜǊ рлл ˃Ƴύ Ƙŀǎ ōŜŜƴ put into the beaker with an excess (about 75 mL) of deionized water. The 

first ultrasonic bath for 10 minutes produced the so-ŎŀƭƭŜŘ άǎŀƴŘέ ŦǊŀŎǘƛƻƴΦ ¢ƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ǿŀǎ 

collected by pipette and centrifuged for 5 minutes at 6.0 krpm to eliminate the water and then it 

was dried overnight in an oven at 80°C. Then, the sample was filled up again with distilled water 

(about 75 mL). The development of the Cryo2Sonic procedure involved a second ultrasonic bath of 

олΩ ŎǊŜŀǘƛƴƎ ǘƘŜ άǎǳǎǇέ ŦǊŀŎǘƛƻƴΦ ¢Ƙƛǎ fraction was siphoned in tubes, centrifuged for 5 minutes at 

6.0 krpm to eliminate the water (fig. 21) and then it was dried overnight in an oven at 80°C. The 

dried samples were removed from the tube with a spatula and they were weighed (tab. 3). 
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Fig. 20: Cryo2Sonic mechanical preparation. 

 

Fig. 21: Cryo2Sonic procedure involves an ultrasoniŎ ōŀǘƘ ƻŦ олΩ ŎǊŜŀǘƛƴƎ ǘƘŜ ǎǳǎǇ fraction (A). The fraction is siphoned 

in tubes (B) and centrifuged for 5 minutes (C). 

Tab. 3: Cryo2Sonic pretreatment data.  
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Susp lump fraction 

Lumps from the samples C5-4M, N3-2AM, N8-1M and N9-3M were selected and they have been 

submerged into an excess (about 30 mL) of ŘƛǎǘƛƭƭŜŘ ǿŀǘŜǊ ŀƴŘ ǳƭǘǊŀǎƻƴƛŎŀǘŜŘ ŦƻǊ олΩΦ ¢ƘŜ ǎǳǎǇŜƴǎƛƻƴ 

has been selected by syphoning immediately after ultrasonication to avoid the sedimentation. The 

obtained suspension was centrifuged for 5 min at 6.0 krpm and the surface water has been 

eliminated. Samples were 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 fraction and they have been weighed. Due to 

the scarce amount of material, only the samples N8-1M and N9-3M have been dated (tab.4).  

Tab. 4: CryoSonic pretreatment data. 

 

Bulk lumps 

Other lumps of the samples (C3-1M, N3-2AM and S9-4M) have been weighed (C3-1M_lump: 30,5 

mg; N3-2AM_lump: 21 mg; S9-4M_lump: 20 mg) and they directly underwent to acid digestion.  

 

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

and C2, Rozanski et al. 1992) have been attacked with 85% phosphoric acid under vacuum for 2 h in 

a drying oven at 85°C. Produced gasses underwent cryogenic purification by means of a vacuum line 

to separate evolved CO2 and then graphitized (Fedi et al. 2013), to obtain graphite pellets to be 

inserted into the accelerator source. Accelerator Mass Spectrometry measurements were 

performed on the dedicated beam line of the 3 MV tandem accelerator of INFN-LABEC, Florence 

(Fedi et al. 2007). Calibration of AMS measurement (radiocarbon age) was performed using the 

software OxCal 4.2 (Bronk Ramsey and Lee 2013; Bronk Ramsey 2016) and using the calibration 

curve IntCal13 (Remier et al. 2013). 

 



60 

Sequential dissolution 

Considering the results obtained using Cryo2Sonic, the radiocarbon dating of the same samples was 

repeated following the sequential dissolution procedure (Åbo Akademi University). Also, three new 

samples have been dated given the promising results of the previous ones. 

The procedure has been applied on the eight following lime mortar samples: C1-1-M, C2-3M, C3-

1M, C5-4M, C5-5M, N8-1M, N9-3M, S9-4M. Seven mortar bulks (C1-1-M, C2-3M, C3-1M; C5-4M, C5-

5M, N9-3M, S9-4M) and two lime lump (C3-1MLi and N8-1MLi) have been prepared at Åbo Akademi 

University, Turku. 

 

Bulk 

The samples have been broken in a plastic bag using nipper pieces, not to produce fine splinter of 

the aggregate (Fig. 22A). The crushed material has been vibrated in a sieve series (mesh widths 

ranging between 20-рлл ˃Ƴ) (Fig. 22B). The grain-ǎƛȊŜ ŦǊŀŎǘƛƻƴ ғмлл ˃Ƴ Ƙŀǎ ōŜŜƴ ǎǳōǎŜǉǳŜƴǘƭȅ ǿŜǘ 

sieved and the grain-size fraction range of 46-тр ˃Ƴ has been chosen for 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 (300-рлл ˃Ƴύ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ŦƻǊ ǘŜǎǘƛƴƎ ǘƘŜ ŀƭƪŀƭƛƴƛǘȅ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ 

Approximately 200 mg of sample powder has been put into a glass vessel and two drops of 2% 

phenolphthalein solution (in ethanol) have been dropped on the sample and then 10 mL of distilled 

water has been added. A pale pink colour as shown in figure 23 is considered acceptable. All the 

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

Fig. 23: alkalinity test. 

 

Before hydrolysis the 46-75 ˃Ƴ gran size fraction has been examined with a stereomicroscope 

combined with a Cambridge Image Technology LTD (CITL) CL8000 MK4 cold cathode 

cathodoluminescence device and a camera. 

 

The samples have been prepared to carbon dioxide in a specially designed preparation line shown 

in figure 24. The selected powders have been put into the reactor vessel and, when a sufficient 

vacuum is reached, around 3 mL of 85% chilled at 0°C phosphoric acid has been let in excess on the 

powder from a burette. Samples have reacted rapidly and, after 10s or less, the first CO2 fractions 

have been isolated, chilled out and captured in glass vials. The next CO2 fractions have been isolated 

after 20-30s. The third fractions have been collected within 100s. The reaction has been finished 

when no more effervescence was visible and the total carbon yield has been calculated from the 

total CO2 captured. The partial pressure of the total amount of CO2 has been measured and used as 

references when calculated the relative size of dated CO2 fractions. The samples behavior during 

the dissolution process is summarized in table 5. 
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Lump 

The two lime lump selected have been crushed before hydrolysis. 

Fig. 24: CO2 extraction line in the laboratory of the Abo Akademi 

 

The vials containing the CO2 gas of the samples C3-1MLi, C5-4M, N8-1MLi and N9-3M have been 

sent to the AMS 14C Dating Centre at Aarhus University (Denmark) (Heinemeier et al. 2010; 

Lichtenberger et al. 2015), while the vials of the samples C1-1M, C2-3M, C3-1M (bulk), C5-5M and 

S9-4M have been sent to ETH Zurich (Switzerland) (Hajdas et al. 2004; Hajdas et al. 2017). The CO2 

gas has been converted to graphite for AMS 14C measurements via reduction with H2 using cobalt 

as a catalyst (Vogel et al. 1984). The calibration of the 14C ages to calendar years has been done 

using the IntCal13 calibration curve (Remier et al. 2013) and the OxCal 4.3 program (Bronk Ramsey 

2017). All calibrated results are reported at 95.4% confident level.   
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Tab. 5: Hydrolysis data of the samples dated. 

 

 

 

5.3.3. Stimulated luminescence 

Optically stimulated luminescence (OSL) on mortars and thermoluminescence (TL) on brick have 

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

samples N8-1M and S9-4M have been selected for OSL dating and fifteen brick samples for TL dating 

(C1-1L, C3-1L, C5-1L, C5-4L, C5-5L, C5-6L, C5-7L, N3-1AL, N3-3AL, N8-1L, N8-2L, N9-1L, N9-3L, S9-1L, 

S9-4L). 

Milan TL protocol 

The fine-grain dating technique (Zimmermann, 1971), requiring relative small amount of material, 

was used for TL dating of bricks. The samples have been prepared under dim red light, using the 

standard procedure and the polymineral fine grain (1-у ˃Ƴύ ŦǊŀŎǘƛƻƴ ǿŀǎ ŘŜǇƻǎƛǘŜŘ ƻƴ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ 

discs. For the evaluation of the palaeodose, the TL Multiple Aliquot Additive Dose protocol (MAAD, 

Aitken, 1985) has been applied.  
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TL measurements were performed using a home-made 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 15°C s-1. Artificial irradiations have been carried out 

by a 1.85 GBq 90Sr-90Y beta source (dose-rate: 3.57 Gy min-1), a 37 MBq 241Am alpha source (dose-

rate: 14.8 Gy min-1). 

 

Milan OSL protocol 

The Single Aliquot Regenerative dose protocol (SAR; Murray and Wintle, 2000) has been applied. 

OSL measurements (40 s) have been made at 125°C, after pre-heating aliquots for 10 second at 

180°C. The preheat value has been experimentally derived on the basis of the results of a dose 

recovery pre-heat plateau test. A cut-heat of 160°C was applied to each aliquot before the test 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 from mortars was checked for the absence of feldspar 

contamination using IR stimulation on laboratory irradiated samples. OSL measurements have been 

undertaken using a Risø TL-DA-20 equipped with a 90Sr/90Y beta source delivering 0.129 ± 0.012 

Gy/s to quartz coarse grains. The samples have been stimulated by an array of blue LEDs (470 ± 30 

nm) with a constant stimulation power of 54 mW/cm2 or with IR LEDS (830 ± 10 nm) with a constant 

stimulation power of 360 mW/cm2. Photons were detected by a bialkali photomultiplier tube (EMI 

9235QB) coupled to a 7.5mm Hoya U-340 filter (280-380 nm). 

 

Dose-rate determination 

For dose-rate determination, 238U and 232Th 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 to 40K 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 analysis has been performed on six mortar samples: C5-6M, C5-7M, N3-3AM, N8-2M, S9-

1M, S9-4M. The technique was tested analyzing both gypsum mortar and lime mortar. All the 

samples are gypsum mortars expect the lime mortar sample S9-4M. The choice of the samples has 

been made considering the absolute dating results. Mortar samples belonging to portions attributed 

at different building phases have been selected in order to recover pollen grains. Pollen preserves a 

record of the local vegetation at the time of mortar setting and it can be an indirect indication of 

the construction timing. This technique was especially applied on gypsum mortars that are not 

directly datable. The information obtained from pollen analysis can be then linked and compared 

with the absolute dating results. 

Since the literature dealing with pollen analysis of mortar is not abundant, a first attempt was made 

to ascertain whether this type of substrate could contain and preserve pollen granules and NPPs 

(non pollen palynomorphs). Preliminary investigations were carried out on three mortar samples 

(N3-3AM, S9-1M and S9-4M) and subsequently, given the promising result, on the remaining 

samples (C5-6M, C5-7M and N8-2M). 

The pollen analysis has been performed by the Laboratory of Palynology and Palaeobotany of the 

University of Modena and Reggio Emilia (UNIMORE). 

Samples were treated according to the routine method for pollen extraction and analyses in use by 

the UNIMORE laboratory (Florenzano et al. 2012). The method was imported and adapted from the 

Institute of Earth Sciences, Vrije Universiteit Amsterdam in the 1990s (PALICLAS project; Lowe et al. 

1996; van der Kaars et al. 2001). 

According to the available material, few grams, usually 5 g, of dry sediment from each sample was 

prepared as follows: 

1.Treatment with sodium pyrophosphate to deflocculate the sediment matrix in 100 mL beakers. 

2. One Lycopodium spore tablet was added to each sample to calculate the concentration of 

microremains from the ratio of the counted number of pollen grains to the counted number of 

added spores, multiplied by the known number of spores added (Stockmarr 1971). Concentrations 

are expressed as number of pollen (p/g) per gram. 
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3. Each sample was transferred to a 7-˃Ƴ ƴȅƭƻƴ ƘŀƴŘƘŜƭŘ ǎƛŜǾŜΣ ŎƭƻǎŜŘΣ ŀƴŘ ǿŀǎƘŜŘ ǳƴŘŜǊ ǊǳƴƴƛƴƎ 

water. The residual sieved sediment was then transferred to a 100 mL beaker with the help of 

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

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

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

5. The residues were concentrated by repeated centrifugation at 2500 rpm for 2 minutes in 10 mL 

test tubes.  

6. After dehydration with glacial acetic acid, 4-5 mL of acetolysis mixture (9:1 ratio of acetic 

anhydride and sulfuric acid) was added to the residues; the tubes were transferred to a water bath 

ŀǘ фл / ŦƻǊ мл ƳƛƴǳǘŜǎΣ ŀƴŘ ǎǘƛǊǊŜŘΦ  

7. Heavy liquid separation (useful to concentrate pollen in samples very poor in organic matter) was 

performed with sodium metatungstate hydrate of specific gravity (sg) 2.0 and centrifugation at 2000 

rpm for 20 minutes. After collecting the upper portion of the supernatant in a different 

centrifugation tube, this step was repeated. 

8. The retained fractions were treated with 1 mL of cold 40% 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 

cover slips sealed with paraffin. 

An optical microscope with magnifications of 1000x was used for identifying the pollen grains. In 

each sample all the pollen grains extracted were counted and identified with the help of the 

reference pollen collection, keys and atlases (e.g. Moore et al. 1991; Reille 1992). 
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6. RESULTS  

In this section the results of the laboratory analyses carried out on mortar and brick samples are 

presented. The first part concerns the characterization of the mortar aggregate and binder, carried 

out with polarizing microscopy. The detailed petrographic characterization has been used as the 

basic scientific knowledge for the absolute dating methodologies 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 ratio, composition of the aggregate, grain size 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 samples present BRPs particles. The most 

frequent are the underburned fragments of the carbonate stones 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 limestone (fig. 25A) or marly limestones that show the effect of partial burning 

especially in the outer part (fig. 25B). These fragments commonly show micritic reaction edges that 

fade into the surrounding binder (fig. 25C) and also some of them display traces of cleavage (fig. 

25D). Overburned lime fragments (fig. 25E) are also frequent. 

The lime lumps sensu strictu are mainly scares and variable in size, typically few millimeters in 

diameter or less. Under the polarizing microscope they exhibit porous structures with the same 

appearance of the surrounding binder (fig. 25F).  

Moreover, other particles are found in three mortar samples (C3-1M, N2-2FM and S1-2M). They 

contain prismatic crystals with high interference colour, iron-rich minerals and bubbles (Fig. 26 A, B, 

C, D, E, F). The optical features are in between an effusive rock (bubbles) and an 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. 25: photomicrographs in crossed polars of binder related particles A); at the left of the imagine rounded limestone; 

B) fragments of marly limestone underburned with signs of firing and brown-reddish colors. They kept the original 

structures and textures of the rock and show reaction edges that fade in the binder; C) fragment on the left shows 

micritic reaction edges that fade into the surrounding binder; D) relict calcite cleavage traces; E) overburned lime 

fragment; F) lime lumps sensu strictu with porous structure with similar appearance to the binder.  
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Fig. 26: photomicrograph of particles of unknown origin A) sample C3-1M, transparent crystals and bubbles, natural 

light; B) sample C3-1M, crystals with high interference colour and bubbles, crossed polars; C) sample S2-1M, transparent 

elongated crystals and bubbles, natural light; D) sample S2-M, elongated crystals with high interference colours and 

bubbles, crossed polars; E) sample N2-2FM, prismatic and elongated crystals and brownish interstitial phase, natural 

light; F) sample N2-2FM, elongated crystals with high interference colours and squared crystals with greyish interference 

colours, crossed polars.   


