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Mineralogy and Cultural Heritage Conservation

GIACOMO CHIARI

Getty Conservation Institute, Los Angeles, California, USA,

e-mail: gchiari@getty.edu

A large number of instruments, as well as new analytical procedures, have been devel-
oped recently and applied to archaeometry and conservation science. Here, an effort is
made to summarize the most important such developments, with particular reference to
the Earth and mineral sciences. Non-invasive or micro-invasive techniques are empha-
sized, i.e. those developed with the goal of reducing, as much as possible, the impact of
sampling on art objects. The examples described are taken mostly from the work of the
author and his colleagues and address problems in both both archaeometry and conser-
vation. Examples of objects in collections, of building materials and of archaeological
materials are all considered.

1. Introduction

Rewriting a chapter dealing with science after a ten year interval is quite an interesting

challenge. Methodologies employed not that long ago have been supplanted by others

which are quite different. In the first edition of the present volume, digital imaging was

not mentioned because digital devices, although already on the market, were not yet

competitive in resolution with the well established film-based techniques. Ten years

ago, non-invasive portable instrumentation was practically non-existent. Chemical pho-

tography is now officially dead, as all the major manufacturers have stopped producing

photographic paper and slide film. This is actually quite a revolution, as what I refer to

as ‘analytical imaging’ is now a very important methodology used by conservation

scientists when analysing art objects. The ability to map the chemical composition of

an object using non-invasive portable techniques allows us to minimize the number

of samples to be taken, and to select them in a more intelligent manner. Cultural heri-

tage objects, therefore, can be studied and conserved in a much safer way. The inter-

action between mineralogy and, more generally, between science and cultural

heritage, has taken giant steps over the last 50 years, from a time when very little analy-

sis was undertaken on a serious scientific basis. In the early years, most interventions

involved ‘friendly scientists’, who often caused problems rather than solve them

(Torraca, 1982). Fortunately, in recent years things have changed, as one can see by

consulting the numerous online bibliographic databases dedicated to cultural heritage

conservation, such as the Getty website (http://www.getty.edu), the ICCROM (Inter-

national Centre for Conservation and Restoration of Monuments, www.iccrom.org)

online bibliographic database, AATA-online (Art and Archaeological Technical

Abstracts), BCIN (Bibliographic Database on Conservation and Information Network),

# Copyright 2012 the European Mineralogical Union and the Mineralogical Society of Great Britain & Ireland
DOI: 10.1180/EMU-notes.13.10

EMU Notes in Mineralogy, Vol. 13 (2012), Chapter 10, 1–36



CAMEO (Conservation Art Materials Encyclopedia on-line) and many others. Many

scientific laboratories are now dedicated to cultural heritage research and top-level

scientists, each specializing in a specific domain, can address a whole array of problems.

Each conservation laboratory maintains a website where major discoveries are shared

with the conservation community, almost in real time. Very powerful search engines

facilitate this task. The analytical techniques applied by conservation scientists are all

those used in Earth sciences, chemistry, physics, biology and engineering. It seems

that almost every day, a new method is proposed to investigate previously unsolved

problems. Instrumentation is improving constantly, allowing one to carry out analyses

that only a few years ago would have been impossible. The science of cultural heritage

is among the fields that have profited most from the ‘scientific explosion’ of recent

years. See, for example, the book by Artioli (2010) for a comprehensive description

of scientific methods applied to this field or Rapp (2009) more specifically on

archaeomineralogy.

The role of the scientist involved in any borderline field with respect to the main-

stream of his or her discipline is complex. In order to take advantage of this position

fully, one might make a list of the problems which still are unsolved, and then make

a list of the ‘dream’ instruments which could, in theory, solve those problems. By

cross-checking the lists, it may be possible to find someone who has produced the

required instrumentation. It also sometimes happens that, in the literature, someone

has described a new insight which makes a problem easier to tackle. Being on the bor-

derline is often a good position; one where, for example, a very simple analysis can lead

to important results provided that one recognizes its implications. On the one hand, the

technology available has become much better, on the other hand, the ability of conser-

vation scientists to deal with cultural heritage problems has also been refined, thanks to

day-to-day practice and more frequent interaction with conservators, archaeologists and

museum curators. This interaction is essential in order to have the background needed to

understand the problems. In fact, to analyse a sample without knowing its historical

context can easily produce false or misleading results.

As part of a team, each professional needs to contribute his expertise. However, it is

often up to the scientist to clarify the issues that emerge by listening to the stories that

each material has to tell, and then asking the proper questions needed to interpret these

stories correctly. In fact, the materials that we are dealing with are rarely pristine. Often,

many centuries have passed since they were fashioned, and this leaves its mark on the

chemical and physical characteristics of the objects. This makes it more difficult to

compare their characteristics with modern standard materials and with mock-ups. A pro-

found knowledge of the field of interest is essential, and this necessitates constant inter-

action with conservators and art historians. Unfortunately, although in recent years the

situation has greatly improved, there are still some difficulties in trying to maintain a

dialogue with all the professionals involved. Scientific equations and graphs are not

always welcomed by the professionals who do not have a scientific background. There-

fore, it is the duty of the scientist to explain the results in as simple a manner as possible,

without diminishing scientific rigor. This is not an easy task but it is essential to improv-

ing knowledge in the field.

Giacomo Chiari2



1.1. The role of the researcher

It is not easy to define the role of the scientist in cultural heritage. In fact there are

several roles which are strongly interconnected. First of all, there are two different

approaches which here are called ‘lab research’ and ‘field work’. In the ‘lab research’

approach, a scientist normally takes the techniques which are available, and looks for

a problem that can be solved using those techniques, prepares representative samples

as simplified simulations of the real objects, and almost always gets good results. If

the results are not satisfactory, they are simply not published. Obviously, when well

planned and executed, this type of work leads to basic knowledge that can subsequently

be applied in the real world.

For ‘field work’, the situation is reversed. A scientist visits a restoration project and

speaks with restorers, archaeologists, art historians, architects and the director oversee-

ing the work. Here, the scientist may be besieged by problems which often, in order to be

solved, need techniques that are not available in the scientist’s own laboratory. If the

problems are not solved, the rest of the team who were counting on ‘science’ to solve

problems are disappointed. The techniques best suited to do the job are often out of

immediate reach. It is, therefore, necessary to establish a network of alliances with

several different laboratories in order to be able to deal with all or most requests. Typi-

cally, one person can deal efficiently with either Earth Science- or Life Science-related

problems (and with inorganic or organic systems) but rarely with both. Even in our own

area, a mineralogist cannot always provide the expertise of a petrographer and vice-

versa. However, if there is only one scientist available in the field, and if the most inter-

esting problem concerns an area removed from his or her own expertise, he or she needs at

least to be able to take samples in a proper way and pass them to a colleague who would

then be able to analyse them with the appropriate instrumentation. It is also essential that

the colleague be willing to do the analyses in a relatively short time. Taking samples,

however, has become more and more restricted. The good news, however, is that a

large number of non-invasive portable instruments have been developed and are now

available for use. Most importantly, hand-held X-ray fluorescence (XRF, now used rou-

tinely in almost all laboratories) and also infrared (IR), Raman, nuclear magnetic reson-

ance (NMR) and even X-ray diffraction (XRD)/XRF (X-ray diffraction and fluorescence

combined) instruments are available as we shall see below (see Wogelius and Vaughan,

2012, this volume, for basic information about these techniques).

The ease with which non-invasive portable instruments can produce results without

touching the object has convinced most people responsible for the safeguard of such

objects that taking samples is not really necessary. Furthermore, most state laws prohibit

the exporting of artistic or archaeological items without making a clear distinction

between an important piece of art and a few milligrams of material taken with the

goal of conserving much more important and valuable objects. If the laboratory

where the analyses are going to be carried out is in a different country, as often

happens, a very long delay may occur before getting essential results. It is hoped that

this problem may be soon solved by properly classifying scientific samples for study

in a way that distinguishes them from art and archeological items.

Mineralogy and Cultural Heritage Conservation 3



1.2. Goal of the study

There are many possible goals when studying cultural heritage materials. Archaeometry

and technical art history encompass all analytical research that sheds light on the

material characterization of an object. The questions normally asked are: What is the

object made of? What were the techniques used to produce it? What is its provenance?

How old is the object?

Other goals might be to study how the component materials have changed over time,

the state of conservation of the object, and any processes acting upon it that might cause

deterioration. The goals may often include preserving it from further damage and/or

restoring it to a better condition. Processes causing deterioration that took place in

the past may not be active now and, therefore, would not be a cause for concern. By con-

trast, a deterioration process that has just started may destroy the object in a short time if

not arrested immediately. To determine the rate at which any deterioration processes are

active (if at all) is obviously of paramount importance.

In the literature, the great majority of papers deal with the characterization of

materials while very few are dedicated to conservation issues. There is a gap between

the information obtained by analysis and its practical application. In spite of this, it is

quite obvious that these two general activities are almost always strongly related. For

example, while a scientist is on scaffolding erected in order to study the deterioration

of a mural painting, no one would refuse a request to analyse some pigments just

because that is ‘archaeometry’ rather than ‘conservation’. Similarly, while collecting

pigments to ascertain the painting technique of a given civilization, no one would

refuse permission to perform the analysis of an efflorescence of soluble salts because

that could be regarded as ‘conservation’. Good conservators, whilst doing their job of

cleaning, preserving and conserving, always take advantage of being in close contact

with a normally inaccessible work of art by studying it in depth. This may simply

involve close examination, but the use of modern analytical techniques and the expertise

of a scientist are obviously of great help.

Sometimes goals coincide. For example, mortars and plasters can be compared to

establish if two construction phases of a building are coeval. This is certainly archaeo-

metry, because the aim is to date the period of construction and to give information on

construction techniques and the materials used. It is also relevant for any restoration of

the building, as knowing the historical sequence of building activities is essential for the

director of the work who has to keep to one or other historic period, or keep them all.

The proper assessment of the chemical and physical properties of the mortar used in

a structure (its composition, the amount of aggregate, the porosity, the tensile and com-

pressive strength etc.) is essential when choosing the proper grouting or repointing

mortar which must have properties similar to the original. Too many mistakes have

been made in the past by thinking that an intervention with a stronger material would

be ‘better’. We now know that the best strategy is to add a weaker sacrificial layer

that will deteriorate instead of the original. We also need to guarantee, if not reversibility

of the treatment, at least re-treatability of the object. One example of this occurred when

analysing the pigments on mortars at the decorated sculptures of Templo Mayor in

Giacomo Chiari4



Mexico City. A substantial amount or gypsum was found mixed together with calcite. In

Europe, it is not unusual to find gypsum in a mortar. Using XRD (see Wogelius and

Vaughan, Chapter 2, this volume), determining the presence of gypsum is straightfor-

ward. Either the gypsum is the result of sulfuric acid attack (in which case there

should be concern about the conservation of the object), or the gypsum has been

added to the lime (intentionally or not) at some point. The plaster being from

Mexico, this finding could be ‘revolutionary’, as the use of gypsum by ancient civiliza-

tions in Mesoamerica has never been documented. This is a good example of how

important it is to establish contact with local experts in order to know the context of

the research. The analysis of more mortar samples was needed; if the quantity of

gypsum is significant and more or less constant with respect to the calcite, one can

exclude a sulfuric acid attack, but there is still a question of whether the gypsum was

added on purpose or not. A literature search found reports of natural outcrops of

gypsum in the surroundings of the archaeological ruins (Reyna Jenaro, 1956). These

gypsum deposits are always associated with calcite in beds of various thickness. On

the basis of our knowledge of lime and gypsum technologies, one can establish

whether or not the addition of gypsum was intentional. If one wants to use gypsum as

a binder, it must not be heated above 4808C, otherwise CaSO4 (a-anhydrite) is trans-

formed into the b form which is insoluble, does not react with water and, therefore,

cannot be used to prepare plaster (Turco, 1996). On the other hand, limestone has to

be heated to at least 8008C in order to become CaO, and then be hydrated into slaked

lime to be used as a plaster binder. Therefore, it is impossible that the gypsum found

with calcite in Mexican plaster is the result of accidentally taking a rock containing

both calcium carbonate and calcium sulfate in order to make lime, because the two prep-

aration technologies are incompatible. The only possible explanation is that the gypsum,

and possibly some of the calcite, was added to the lime as an aggregate. This simple

example demonstrates that interdisciplinary investigation is essential in order to

obtain good results.

Another example involving discrimination between the same mineral used as a binder

and as an aggregate involves the large number of Roman mortars that contain pozzolanic

material (red and black ‘pozzolana’) indistinguishable by XRD (see Chiari et al., 1992,

1993, 1996a, 1996b). In many instances, the mortar contains calcite (or crushed lime-

stone) as an aggregate, making it almost impossible to obtain a quantitative analysis

and provide the matrix to aggregate ratio, an important datum for the characterization

of the mortar. These problems can be solved by using thin sections (see e.g. Reedy,

1994) with a digital imaging program (Ruffini et al., 1999) which can be used to

carry out modal analysis on thin sections of mortars, and obtain the total area of parts

of the sections having the same colour by counting the pixels comprised within an

RGB (red, green and blue) colour range. By doing this, one can measure areas of differ-

ent chemical composition on the basis of their colour. Modal analysis is certainly not a

new technique. Petrographers have sometimes discarded it as insufficiently accurate,

especially when dealing with fine-grained minerals. This may be because ‘thin sections’

30 mm thick, observed in transmitted light, have always been used. By so doing, an

opaque cubic grain with a side 3 mm long shows a cross section of 9 mm2 that is

Mineralogy and Cultural Heritage Conservation 5



multiplied by the entire thickness of 30 mm, thus giving a volume of 180 mm3 instead of

the real 27 mm3 (a result over six times greater). The smaller the particle, the larger is the

error. In the digital imaging approach, the cross sections are examined in reflected light,

thus eliminating this systematic error. In order to become routine in mortar analysis, this

procedure has to be quick, economical and reliable. Therefore, the computer revolution

and the availability of cheap, high-resolution images have been essential. Porosity can

also be measured in cases where simple alternatives such as measuring total water

impregnation cannot be employed (e.g. for mud brick specimens, as the mud would dis-

solve completely in water within a few minutes). Here, the use of a strongly coloured

resin for the impregnation of the specimen before cutting the sections can facilitate

the measurement. More than one section needs to be analysed to improve the statistics,

and calibration undertaken by comparing the results with those obtained by mercury

porosimetry.

In mortar analysis, one of the most important variables is the binder to aggregate ratio.

For lime mortars containing marble, limestone or travertine as an aggregate, it is very

difficult to establish which calcite is part of the binder and which is part of the aggregate.

Digital image analysis can solve this problem (Casadio et al., 2005). A blue-stained

resin is allowed to embed into material; it penetrates into the open porosity and is

easily measured. The cross sections can then be stained with Alizarin Red S; this

imparts a light red colour to the micritic calcite derived from the lime and leaves the

larger crystals of the aggregate the original white colour (Figure 1).

2. Approaches, methods and applications

2.1. The sampling problem

One significant difference between cultural-heritage investigations and other fields of

mineralogical research is that taking samples is often not simple. The amount of

Fig. 1. Lime mortar with travertine aggregate, embedded in blue resin and stained with Alizarin Red S. The

total blue area gives the porosity; the white gives the quantities of large crystals of calcite added as aggregate,

and the red represents the micritic calcite as the binder.
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sample that one is allowed to take is often of the order of a few milligrams. When per-

forming XRD, it is possible to obtain reasonably good data using 2–3 mg of substance,

but special equipment is needed. Using other techniques such as IR or Raman spec-

troscopy, the amount requiredis even smaller. One can recover precious samples for

other types of analyses after collecting the data. The zero-background plates (slices of

very well formed quartz crystals cut in a way that no crystallographic planes satisfy

the Bragg diffraction condition for the characteristic radiation of the tube employed)

together with a monochromator on the secondary beam, are the tools that can really

improve the quality of the XRD patterns when the amount of substance available is

minimal. Although the monochromator reduces the intensity of the diffraction, the

signal to noise ratio is greatly improved.

Modern technology helps to reduce the need for a large sample by producing more

sophisticated, ever more sensitive, instrumentation. Using a Raman microscope, one

can identify the composition of extremely small grains of pigment without sample prep-

aration. There is, however, a serious limitation to the reduction of the amount of sample

used, which does not depend upon the instrument. A sample needs to be representative

of the object that one wants to investigate. There is a minimum volume (or mass) which

is needed, and which varies not only from one object to another but may vary for the

same object, depending on the particular goal of the analysis. Geologists long ago devel-

oped procedures to determine the minimum volume required, for homogenization of the

sample, and use of the right amount required by the instrument. A simple way of esti-

mating the minimum volume required of a heterogeneous material is roughly to deter-

mine the particle-size distribution, and take a volume about ten times larger than the

largest particle present. This should limit the errors to �10% or less. What is stated

above is valid if what we wish to investigate is the overall composition of the object.

Typical examples could be the pigments, the ground, or the binders in a painting, the

alteration products on the surface of a stone or metal or glass object, the soluble salts

crystallized on such surfaces, or the white marble of a statue. But there are other prop-

erties for which the sample required is the whole object. For example, it may be very

important to know if a block of stone, perhaps a sculpture, has internal cracks. Only

by studying the object as a whole can one answer this question.

One should assess what it is important to know about the object, and be aware of what

its normal condition is, so as to avoid taking samples of irrelevant anomalies. There is

always a temptation to sample parts which capture one’s attention because they are

different from the rest. If we sample those parts without clearly recording the fact

that they are anomalous details, their role in the overall evaluation may be overesti-

mated. The criteria for sampling also depend upon the goals of the investigation. If

we are looking for clues concerning a deterioration process which has begun recently,

a very small and apparently insignificant detail may be important as the first sign of inci-

pient deterioration. In this case the important thing is to document all the different vari-

ations in the deteriorated area, because only when seen together may they make sense

and allow us to understand the degradation mechanism.

Another problem which arises from the need to collect a small sample is the difficulty

of manipulating such a small amount of substance. In the field it is sometimes almost
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impossible to collect, in a piece of paper, a small amount of powder scraped from a wall,

e.g. because of exposure to wind or the need to climb a ladder to collect the sample. In

order to overcome such difficulties, an instrument consisting of an aspirating device

(Figure 2) has been designed which collects the powder removed from the art object

directly onto a paper filter at the base of a vial. The vial is interchangeable; it can be

sealed with parafilm and reopened in the laboratory (Chiari, 1999). Obviously, when

the amount of substance is very small, the possibilities of contamination are greater,

and particular care must be taken in cleaning all the tools used for sample collection.

Besides the small amount of sample, it often happens that the substance of interest is

present only as a small percentage in the sample. A typical example would be the

painted layer of a mural painting. The thickness of a painted layer is of the order of

40–90 mm. Sampling it with a scalpel, even using amplifying lenses, usually leads to

the removal of the supporting layers together with the pigment we wish to analyse.

A blue paint from the facade of the oldest known colonial house of all the Americas

(1519–1530 A.D.), the Casa Velasquez in Santiago de Cuba, was analysed to determine

whether or not the pigment was Maya Blue. The ‘as collected’ XRD (Figure 3) showed

abundant calcite, some gypsum and traces of quartz. Unlike the sample, none of these

minerals is blue; therefore, something was missing. Assuming that the blue colour is

indeed Maya Blue, which is a complex material involving the clay mineral palygorskite

and the organic dye indigo, a very faint peak at �8.582u is seen, corresponding to the

main peak of this clay. A weak acid attack (using dilute hydrochloric acid) can be

used to eliminate calcite and gypsum. The pattern obtained after removal of these min-

erals is shown in Figure 4. Palygorskite is indeed present, together with a small quantity

of albite, which had not been detected in the previous pattern. The overall quality of the

pattern is much worse, however, as the quantity of sample is much less. The

Fig. 2. A small sample is removed from a Roman mural painting at Herculaneum to study pigment

composition. A modified aspirator facilitates the collection of the powder, even in the presence of wind.
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Fig. 3. XRD pattern of a blue pigment from a Cuban mural painting. Calcite, gypsum and traces of quartz are

easily detectable. As none of these minerals is blue, it is logical to suspect that a small amount of blue pigment

is present. If palygorskite was detected, the pigment would be Maya Blue.

Fig. 4. XRD pattern of the same sample as in Fig. 3 but after acidic attack to remove the predominant calcite

and gypsum. Palygorskite, the clay fraction of Maya Blue, is now clearly visible, together with albite

(previously not detected) and quartz.
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identification of the pigment is straightforward. It should be emphasized that the time of

exposure was not extended to the point of obtaining a smooth background, as the pres-

ence of the three above-mentioned substances was clearly proven. In fact, the goal was

to ascertain if palygorskite was present or not, and it was achieved even with a short

exposure time.

As often happens, the result of the analysis solves one problem (to establish if Maya

Blue was used in Santiago de Cuba as, indeed, it was) but poses a series of other pro-

blems, as the paint cannot be original (contemporary with the construction of the

house). Although Maya Blue was known in Mexico at the time of the construction of

the house (it was probably produced around 800 AD), at that time Mexico had not

been conquered by the Spaniards (the Cortez expeditions date from 1529). So we do

not know when the blue paint was applied to the wall.

2.2. Qualitative vs. quantitative analysis

In most cases, qualitative analysis is sufficient to solve a problem. The identification of

the chemical elements or mineralogical phases in the object gives enough information to

draw sound conclusions, especially in a conservation context. Often a rough estimate of

the quantities involved is useful, but this can be done semi-quantitatively, e.g. by esti-

mating the heights of the most intense diffraction peaks in XRD, or the absorption

lines in IR, UV, Raman and other spectroscopies. Hand-held XRF instruments are

very common nowadays and produce data which can be easily mistaken for quantitative

analyses. This may present a problem, as a non-scientist may not be aware of the fact

that, in order to obtain good quantitative data by XRF, one needs to pre-treat the

sample to obtain a smooth surface, and then compare the values obtained to a series

of standards. The process is long and delicate, and producing accurate and reproducible

results is not trivial. A series of standard samples was sent recently to several labora-

tories to compare the results of their handheld XRF instruments and data treatment.

This was done for canvas paints (Namowicz et al., 2008) and for copper alloys

(Heginbotham et al., 2011). Investigations of this kind are important in avoiding incor-

rect interpretations of the data. In spite of the fact that newly available instruments are

very user-friendly, interpretation of the results needs a person who is well trained in the

relevant field.

The reason that quantitative analysis is seldom needed is, in part, due to the nature of

the sample. When an object to be analysed is homogeneous, as in the case of pure pig-

ments, glass, obsidian or most metals, it is sufficient just to identify the nature of the

substance. When, on the other hand, the sample is not homogeneous, there is little

purpose in carefully determining the ratios of the various components. In fact, this quan-

titative ratio is not the result of a conscious decision made by the manufacturer of the

object. So, when studying a mortar, it is useful to know approximately the ratio

between lime and aggregate, but it would be a waste of time to measure it precisely,

as it can vary from one point to another in the same wall, or from one day of work to

another for the same mason. Approximate methods to determine these values are

sufficient, like the modal analysis mentioned above.
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On the other hand, the facility to carry out quantitative analyses plays a role in the

decision to carry out such analysis. X-ray diffraction full-profile fitting techniques are

now routine, especially if the samples analysed are all of the same type (Altomare

et al., 1999). One can carry out a Rietveld refinement of many phases simultaneously

in a relatively short time, as the crystallographic and structural data can be retrieved

from the Inorganic Crystal Structure Database (ICSD, 2011), or from a simple internet

search. The use of complementary techniques is, of course, always advisable. For

example, thermogravimetry gives the precise weight of material that is released on pro-

gressively heating a sample. If the emitted gases are directed into a mass spectrometer,

one can also obtain an indication of the chemical compositions of those gases. With the

availability of new methods, it becomes important to determine, case by case, if a full

quantitative analysis is really needed.

The situation is very different when the goal is to study the provenance of a given

material, as in archaeometry studies of metals, white marble, jade, obsidian, glasses,

bones or pottery (see Freestone, 1995; Quinn, 2008; Rapp, 2009; Vaughan, 1995). In

this case, very precise quantitative analysis of all the chemical elements and mineralo-

gical phases present, especially in trace amounts, and of the isotopic ratios of many of

them, is essential for locating the source of the material. The task may be a difficult one.

In the case of white marble, for example, XRD might indicate only the presence of pure

calcite in almost all cases, with the exception of a few dolomitic marbles. Petrography

may reveal the different microstructures, including grain size, shape of mineral grains,

preferred orientation and so on. A chemical analysis of the elements, especially those

present in trace amounts, may add more information. But only by treating all of the

data in a statistical way is it possible to distinguish one marble from another

(Gorgoni et al., 1992; Lazzarini et al., 1997; Gorgoni et al., 1998; Zöldföldi & Satir,

2003). The same is true for other natural or man-made materials. In recent years the

use of laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS) tech-

niques has become more common. One obtains a quantitative analysis of all elements in

the same run, including both major and trace elements. Combined with statistical treat-

ment of the data, these analyses can produce very interesting results. The same is true for

the determination of isotopic ratios, especially for carbon, oxygen and lead. An interest-

ing application of lead isotope ratios was the determination of the provenance of red lead

covering a Fayum mummy (Herakleides, J.P.Getty Museum 91.AP.6). The lead was

shown to have come from the copper- and silver-producing Rı́o Tinto mine in Spain

(Walton and Trentelman, 2009). Here, the litharge was a by-product of the smelting

and cupellation of silver and was further treated to produce the red minium pigment,

which was in strong demand in Egypt for painting the red shroud mummies.
14C dating, well known to the lay public, is also a very powerful tool for organic

materials. Although there is a danger of errors due to contamination, the overall

impact of 14C dating on archaeology has been outstanding, especially after results are

corrected using data from dendrochronology. Dating is obviously of paramount impor-

tance to archaeologists, and so is the provenance of the material, as it helps to establish if

a given object was produced locally or imported (Maggetti, 1981; Barra Bagnasco et al.,

2001; Walton and Trentelman, 2009). For an art historian, the provenance of the
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material can often help in the attribution or validation of a work of art. For this reason,

it is essential that objects are found in situ. A looted specimen loses most of its

scientific value.

2.3. Non-invasive and invasive methods

In recent years a large number of non-invasive, portable instruments have been

produced, many of them in a cooperative effort between a conservation scientist and

a commercial company. Often these instruments are adaptations of other devices

developed for fields of greater economic importance and, therefore, more attractive to

industrialists. This technology transfer is an important role for conservation scientists.

A good example is the adaption of an XRD/XRF instrument developed by the Jet Pro-

pulsion Laboratory for a NASA mission to Mars. Not having problems of sample col-

lection, this instrument, and its counterpart called TERRA, made for geologists

(Blake, 2010), works in transmission mode. For cultural-heritage applications the geo-

metry was changed to reflection mode, as one cannot put a detector behind a mural

painting. The advent of miniaturized, Peltier cooled X-ray tubes, and of affordable

miniature energy dispersive detectors was necessary for the development of such

instruments.

An advantage of such instruments is that they can be taken to the object rather than the

reverse. In many cases (mural paintings, rock art, etc.) the object cannot be moved at all.

But, in general, even for easel paintings, illuminated manuscripts, polychrome statues

etc., it is preferable to keep the object in its original location, avoiding environmental

changes and possible accidents. Furthermore, if an analysis can be carried out inside

a museum without even taking the object out of its case, it is much easier to obtain per-

mission to perform it. The results obtained by such analyses are often conclusive. Some-

times, however, the quality of the data obtained in this way is not sufficient to reach a

conclusion and it is necessary to take samples or move the object to larger, non-portable

instruments.

It is important to establish what we want to preserve about an object, and we need to

answer this question before we can establish the criteria for justifying the intrusiveness

of an investigation. For many years the external appearance of the object was the only

value of importance. With new methods of analysis, other features became important.

For example, the chemical composition of an object (together with structure, texture,

tool marks, etc.) can reveal the manufacturer’s technique for producing a work of art.

Detailed analysis of a material, such as in determining the trace-element composition,

or isotopic ratios, may help to establish the provenance of an artifact. The identification

of a pigment may allow one to define or to exclude historical periods in determining the

time of its production or to indicate a subsequent intervention. The presence of a given

mineral may be indicative of a firing temperature in the production of pottery. The

carbon isotope ratio or the thickness of tree rings may permit absolute dating of the

object. So, any type of analysis or intervention which would modify one or more of

these parameters, even if it leaves the object apparently unchanged, should be

considered invasive because it would remove important information.
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Sometimes, the information we gather from an object is not so obvious. For example,

most people nowadays believe that a fresco should not be removed from its original

setting unless it is in real danger (although, not long ago, it was common practice to

do so, because the only value attached to the painting was aesthetic). However, a

recently developed technique of dating mural paintings, based on remanent magnetiza-

tion of hematite, requires the spatial orientation of the painting to be preserved and

unchanged from the moment of its execution, so an important piece of information

would be lost if it were to be moved (Chiari and Lanza, 1997; Chiari and Lanza,

1999; Zanella et al., 2000).

Nowadays everyone agrees that, when dealing with art objects, it is essential to obtain

information without damaging the object. However, we cannot gather information

without using some sort of ‘probe’ which interacts with the object, is modified in

some way by the object’s characteristics, and comes back to us after the interaction

so that we can measure these modifications. In the same way that our probe is modified

by the interaction, so is the object. Therefore, strictly speaking, there is no such thing as

‘non-invasive analysis’. Even the simple act of looking at an object, observing it without

touching it, can be considered, in principle, an ‘invasive analysis’. The light needed to

see an object is absorbed by its surface (selectively absorbed, so that we see colours)

and, in so doing, affects the energy levels of some electrons in the atoms present, or

energy states of some molecules, changing their vibration modes or even modifying

some chemical bonds. In general, these changes are reversible and when the light

source is removed, the object goes back to its initial state. Although one may think

that regarding as ‘invasive’ the mere act of looking at an object is excessive, there is

now much more attention given to the fading of colours due to light. Lighting

systems employed in museums are carefully modified to reduce the impact of illumina-

tion on artifacts. In recent years, the science of measuring the impact of light on light-

sensitive material has come of age. The micro-fadeometers now found in many labora-

tories measure the damage produced on a very small spot by a light up to 50 times more

intense than the sun. At the same time, these instruments collect the reflected light which

is measured in a spectrophotometer and produces a spectrum, in real time, on the com-

puter screen. A single numeric value that characterizes the magnitude of the total colour

is derived from repeated spectral measurements and a plot of DE (colour change in CIE

L�a�b� colour space) vs. time is produced. As soon as DE reaches a value of 3 (the

threshold for detecting any colour difference by human eye), the measurement is

stopped. No observable damage is produced by these measurements but all data

needed to specify a safe time of exposure to a given illumination are collected. Old

master drawings can now be seen at optimal illumination with a precisely calculated

light exposure (Whitmore, 1999; Druzik, 2010). This is just one of the applications of

‘preventive conservation’.

As we have seen, a non-invasive analysis (sometimes called non-destructive) is nor-

mally defined as one for which it is not necessary to remove a sample from the object.

When a sample is taken, we can have various degrees of invasiveness. Some analyses

are such that, at the end of the procedure, the sample no longer exists. Typical examples

of this type of analysis are: Gas Chromatography-Mass Spectrometry (CG-MS; Barry
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and Grob, 2004); Atomic Absorption Spectrometry (AAS; Ebdon et al., 1998); carbon

dating (Libby, 1952); thermal analysis (Gabott, 2007) and ICP-MS (Tykot & Young,

1996; Boyd et al., 2008). In other cases, some characteristics of the sample are lost,

but not all of them. For example, powder XRD requires grinding of the sample in

order to reduce it to powder. Any information on shape, morphology, stratigraphy or

texture is lost, but the powder can be used for other bulk analyses. The sequence in

which the analyses are carried out is very important, and should be planned carefully

in order to gain the maximum amount of information with the minimum number of

samples. In some cases, the procedure affects only the property on which the method

is based, leaving everything else almost unchanged. This is the case for thermolumines-

cence dating which, during the measurement, resets the age of the object to zero (Martini

and Sibilia, 2001; Martini et al., 2004). It should be emphasized that a technique which

does not require the removal of a sample and, therefore, is normally considered non-

invasive, may nevertheless be destructive because of the damage induced by, for

example, electromagnetic waves. Lasers, X-rays, UV light or even visible light can

be destructive to sensitive materials. Another important factor when performing non-

invasive analyses is that the risk of possible accidents is always present.

2.4. Microscopic invasive analyses

We define an analysis as ‘microscopic’ when the amount of sample to be taken is very

small. The problem is to define what we mean by ‘very’. A few milligrams may seem a

very small amount of material, but this is not the case if we remove it from a famous

diamond or from an illuminated manuscript. It is of paramount importance that the

sample be removed by an expert, a conservator, possibly aided by the scientist directly

involved in the analysis, as the sampling procedure is the first step in the analysis itself.

Observation of the general conditions of the object and the choice of representative

material are decisions which often require a deep understanding of both the object (con-

servator) and the principles and procedures involved in the analysis (scientist). One

should hesitate to study samples taken by other people unless the documentation accom-

panying them shows that every sampling step was properly performed by a competent

person.

When dealing with micro-samples, one should also be very careful not to contaminate

the material, as a modest impurity may result in a large percent error. Maximum cleanli-

ness is required when handling the sample. In the case of instrumental analyses, the

instruments must be calibrated to the optimum in order to reduce errors and noise.

That micro-samples are representative of the whole is also of paramount importance.

2.5. Invasive analyses

An analysis can be called ‘invasive’ when the mark left on the object by sampling is

clearly visible or detectable in other ways. Nowadays these types of analyses tend to

be less frequent, but sometimes, some ‘destruction’ cannot be avoided. In an archaeolo-

gical excavation, it is common practice to remove the top layer in order to investigate

what is underneath. To assess the static properties of a pillar, it may be necessary to
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obtain large cores in an obviously destructive way. On the other hand, the recognition of

the invasiveness of an analysis does not necessarily imply that it should be condemned.

There are situations in which even invasive analyses find legitimate use.

2.6. The risk factor

Natural catastrophic events such as volcanic eruptions (Pompeii), earthquakes (San

Francisco), hurricanes and floods (Katrina), or man-made destruction on a large scale

through wars or vandalism (Buddhas Bamiyan) are beyond our control. Other risks

are manageable. A lot of damage to objects is due to improper handling, mounting

and transporting for exhibitions and carelessness that can be avoided. Fortunately,

much progress has been made in packaging and mounting art for transport, but

moving it remains a big hazard. The risk factor associated with a specific event

depends not just on the probability of that event but also upon the amount of damage

produced by the event. Insurance companies evaluate the risk factor using mathematical

theories. The simplest such equation is:

Risk Factor ¼ ðProbability of theeventÞ � ðDamage producedÞ

Even in the case of very low probability, if the consequences of the event are cata-

strophic, the risk factor may be high. We need to consider this because often the

damage to a work of art is the result of an accident. Consider the recording of Miche-

langelo’s sculptures by laser scanning which generated a three-dimensional computer-

ized record of every detail. The impact of the radiation used on the marble could have

been problematic. (It was known that X-ray exposure can change the colour of white

marble). Trials on small portions of the marble had to be done first. If no change

occurred, the technique was considered to be non-invasive. The procedure also involved

using of a lot of scaffolding for the positioning of cameras. Intense preparation and train-

ing of the operators on one-to-one scale gypsum replicas of the statues was needed. Even

then, the possibility of accidental damage could not be excluded. It is up to the people

who carry out a procedure to minimize the risk of accidents, but an evaluation of the

risks of various types of analyses should be considered by the decision makers before

any investigation is undertaken.

The amount of sample that might reasonably be removed from various types of

objects has to be judged for every case on the basis of artistic and historic importance,

as well as the integrity of the object. Suppose that we are studying a large wall, part of an

archaeological excavation, which is already severely damaged, and of which a large per-

centage of material has already been lost. We want to analyse the mortar and the stone in

order to determine the best conservation treatment. In this case, the removal of large

pieces of material may be acceptable. Suppose again that we are studying a bronze

statue, and we want to drill a large hole in order to characterize the alloy and to

obtain information on its provenance. This is obviously not acceptable. We also have

to consider the advances that are now being made in applying new techniques to

make analytical interventions less invasive. So, even if today we do not have at our dis-

posal a non-invasive method, such a method may be invented in the near future. We are
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compelled to wait to satisfy our curiosity and, for now, leave the object intact. This cer-

tainly applies to archaeometry. It may be more difficult to make a decision when the

information we are looking for is vital to establishing the correct way to conserve an

object which is in serious danger of destruction.

We often face situations where there are severe time constraints on the decisions to be

made. During the restoration of Michelangelo’s Last Judgment, the problem of keeping

in place or removing tempera repaintings made over the centuries, in order to cover

some of the nudity, was important and could not be postponed. Non-invasive analyses

were attempted using a very early portable X-ray fluorescence instrument (Sciuti &

Gabrielli, 1995) to see if the type of pigment employed could be used to identify the

various repaintings (having decided to keep the oldest and to remove the most recent

ones). The answers, in some cases, were ambiguous as, given the penetration of the

beam, the technique not only analysed the superficial tempera repainting but also

Michelangelo’s original layer and the mortar underneath. A micro-invasive XRD analy-

sis carried out on a few milligrams of tempera painting, which were very carefully

removed, provided the necessary information (Chiari, 1999). Daniele da Volterra in

1564 used as preparation ‘bianco di Sangiovanni’ (i.e. a partially carbonated lime)

and ochre as yellow pigment. Domenico Carnevali in 1568 used orpiment for the

yellow. The painters of the XVIII century used lead white for preparation and

‘Naples yellow’ (i.e. lead antimonate) as yellow pigment. Therefore, it was straightfor-

ward to distinguish between the three

groups of interventions. It is obvious

that this information had great value

insofar as it was obtained before the

decision had to be made to remove some

of the tempera paintings. In this case, it

was not possible to wait for a non-inva-

sive method to be invented. It is interest-

ing to note that such an instrument now

exists in the form of a portable XRD/
XRF device called DUETTO, which

could have solved the problem without

needing to take samples at all (Chiari,

2008; Sarrazin et al., 2008, see Figure

5). Other similar instruments have being

produced (Uda et al., 2000, 2007; Gia-

noncelli et al., 2008; Pappalardo et al.,

2008; Blake, 2010; Berti et al., 2011).

Nakay and Abe (2012) have published a

thorough description of all these instru-

ments, comparing their advantages and

disadvantages.

Another example where the application

of a non-invasive, portable XRD/XRF

Fig. 5. Non-invasive, portable XRD/XRF

instrument (DUETTO), analyzing pigments within

the Tutankhamen Tomb.
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device has been of great utility is in the archaeometric study of Neolithic jade axes.

Fifteen years ago Göbel Mirrors were used to study Neolithic objects (mainly axes)

made from greenstone (Chiari et al., 1996c). The goal was to characterize the rocks

used to make the axes with the hope of finding their primary outcrops within the

Western Alps area, and defining their provenance. A preliminary screening separating

jade artifacts from those made of other less dense lithotypes was carried out non-

invasively (Ricq de Bouard & Compagnoni, 1991) by using density measurements.

Unfortunately, this only gives limited information. By using XRD, however, the unit-

cell parameters of the pyroxenes within the jadeite-diopside series can be determined.

The values of the cell parameters for jadeite and omphacite are sufficiently different

to discriminate between them. Statistical analysis was used to determine the chemical

composition of the mineral phases, using X-ray data (the interlayer spacings of three

selected reflections). This necessitated very precise and accurate d spacing values,

which could be obtained by using Göbel Mirrors and the ‘detector scan’ technique

for data acquisition on whole axes without the need for sampling. The sample holder

was removed from the diffractometer to make room for a bulky object. This approach

applies only to polycrystalline samples (see Figure 6).

Microprobe data from the literature were plotted on the diopside-jadeite-aegirine

compositional triangle, together with the values of the d spacings of three selected

reflections: (002), (-310) (typesetter, bar over three please) and (221). Lines with the

same d spacing could then be added (see Figure 7). Data obtained using this procedure

were compared with SEM-EDS results and showed satisfactory agreement. Today, the

same data can be acquired using the non-invasive portable XRD/XRF instrument

(DUETTO) mentioned above. This instrument uses a CCD as detector and records a

2D portion of the diffracted beams. The XRD pattern is obtained as the integration of

an arc of the diffraction cones, not just along the equatorial line as for a conventional

Fig. 6. Measurement of an XRD pattern directly from a large Neolithic axe of ‘greenstone’. This ceremonial

axe, 34 cm long, is particularly well preserved and cannot be sampled for archaeometric purposes. The use of

Göbel Mirrors permitted collection of good XRD data in a non-invasive way.
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diffractometer. Therefore the intensity

of the various diffraction peaks is, in

principle, more accurate, particularly

when the grain size of the material is

large. In this case, the formation of

dotted lines cannot be avoided as the

sample is not ground, but it useful to

know that a given mineral in the

sample is made of large grains. This

may help in the identification and shed

some light on the manufacturing tech-

nology. This is just one of many possible

examples of the application of XRD

with Göbel Mirrors (and now with por-

table XRD/XRF) in the study of cultural

heritage (see Chiari et al., 1996d, 1998).

2.7. ‘Figure of merit’ for evaluating

the expediency of carrying out an
analysis

The factors which influence the decision to carry out an analysis are often not all con-

trolled by the decision makers. The optimum analytical method may not be available, or

several different methods could be applied and one has to decide which one is more

appropriate, given the circumstances. There are several factors which play a role in

deciding if an analysis should be carried out. These factors may be brought together

using a combined ‘Figure of Merit’ (FOM). Some factors are positive and would

increase the value of the FOM, while others are negative and would tend to decrease

it. The following parameters are suggested:

S ¼ security or inverse of the risk factor (i.e. possibility of accident, increased by the

necessity for the object to travel)

Q ¼ quality and/or quantity and/or relevance of the information gathered

A ¼ amount of sample to be removed and impact on the object (which includes an

evaluation of the importance of the object itself )

C ¼ cost and/or length of time needed to obtain a result

One would give a score of 1 to 4 to each of these parameters before applying a simple

formula. For example, for parameter S, a value of 1 would mean very high risk of

accidental damage; 2 ¼ medium risk; 3 ¼ low risk; 4 ¼ no risk at all. For parameter

A, one may assign a value of 1 ¼ no sampling (non-invasive); 2 ¼ low impact

(micro-invasive); 3 ¼ medium impact; 4 ¼ significant damage to the object (destructive

analysis). It should be noticed that a value of 4 for parameter A does not immediately

eliminate the possibility of carrying out the analysis. In fact, there could be reasons

described by the factor Q which would redeem a low score for factor A. For example,

Fig. 7. Jadeite-aegirine-omphacite compositional

triangle with theQ1 lines of equal d spacing for three

reflections. By measuring the d spacing of the three

reflections in a non-invasive way, and using this chart,

one can determine the chemical composition (i.e. the

amount of Ca and Na in a given site of the pyroxene

structure) to better than +8%.

Giacomo Chiari18



in judging the stability of a building, it may be necessary to remove some deep cores,

obviously in a very intrusive way, but justified by the fact that without that information

one may not be able to save the entire building. The formula proposed is the following:

FOM ¼ ðS� QÞ=ðA� CÞ

Values of FOM of ,1 suggest that the analysis should not be carried out. The lower

the value, the more undesirable is the analysis.

Values of FOM .1 suggest that the method may be considered; the closer the FOM is

to 16, the more acceptable is the proposed analysis.

Obviously, there still is a strong dependence of this FOM upon the subjective judg-

ment of the person who uses it, but at least it represents a simple way of combining

several separate evaluations. The subjectivity is embedded into the process of ranking

each single parameter, and there is no obvious solution to this problem. On the other

hand, the FOM may be very useful in deciding which method of analysis is best

when, for some reason, not all of them can be applied. In this case, each single evalu-

ation would be done by the same person with the same ‘biases’, so that the results are

compared readily.

2.8. When a sample needs to be taken: stratigraphy by the use of thin sections

The study of samples in thin section, using both an optical polarizing microscope and an

Environmental Scanning Electron Microscope (with Energy Dispersive X-ray analysis)

(ESEM/EDS) may be of paramount importance. The spatial distribution of component

materials in an object is fundamental information. Typical examples are the ‘stratigra-

phy’ of different layers in paintings (both mural and easel paintings), the shapes and

dimensions of the aggregate dispersed into the fine lime matrix in a mortar, the shape

and size of the filling material in a ceramic, the structure of a rock in a stone element

of a building, or the thickness and structure of a superficial patina (e.g. a gypsum

black crust or a calcium oxalate layer on stone or the oxidation patina on a metal).

The ability to map elements with ESEM/EDS allows the superposition of several

elements in a region to be used to suggest the minerals present. For example, a

sample taken from the mural painting of the Tutankhamen tomb demonstrated the com-

plete stratigraphy (Figure 8). Polarized light microscopy (PLM) showed the mortar, fol-

lowed by a thin layer of yellow ochre and a thick greenish-blue paint (that may be

interpreted as Egyptian Blue, a synthetic pigment used widely in Egyptian as well as

Greek-Roman murals). Taking the section to the Environmental Scanning Electron

Microscope (ESEM), one can obtain a much sharper image in backscattered mode, in

which the heavier elements show lighter. If the ESEM has an energy dispersive

device, one can go a step further and produce maps of the individual elements, a very

useful analytical tool, and even superpose various elements at will, thus obtaining infor-

mation on the way they are combined. Figure 8a–g shows these images. One can see

that there is a good superposition of Cu, Ca and Si, the three elements constituting Egyp-

tian Blue (CaCuSi4O10). The extensive presence of sodium was unexpected but gives an

important clue about how the pigment was made. It is very likely that sodium nitrate
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Fig. 8. Q2ESEM/EDS maps of a cross section of a mural painting from Tutankhamen tomb. By matching the

location of the various elements one can obtain information on the composition and spatial distribution of

minerals. In this case the presence of Egyptian Blue (CaCuSi4O10) can be inferred by the superposition of

the maps for Ca, Cu and Si: (a) PLM; (b) ESEM backscattered image; (c) ESEM map of Cu; (d) map of

Ca; (e) map of Si; (f ) map of Na; (g) superposition of the maps for Cu, Ca and Si; (h) VIL microscopy map.
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(natron) was added to the mix as a flux. The visible induced luminescence (VIL) tech-

nique is described below (in section 2.9.4). An extension of this technique has been opti-

mized for microscopic observation of thin sections. As the luminescence depends on the

crystal structure of Egyptian blue, one can even distinguish between the pigment and

Egyptian Green (a glass of identical chemical composition) which is often present

also (Figure 8 h). Most of the pigment is clearly Egyptian Green and the combined

observation of all the images gives the true distribution of the pigment, which is relevant

to determining the conservative process. Once more, this case emphasizes the

importance of not relying on a single technique alone, but to make use of complemen-

tary techniques. One example of the use of extremely thin sections has been the elucida-

tion of the mysterious ‘coral red’ present in some Attic pottery (Walton et al., 2009).

Chemical analyses performed by LA ICP-MS, used to construct bi-variant plots of

individual oxide components, explained some of the differences between the black

gloss, the red and the coral red pigments. But transmission electron microscope

(TEM) analyses of extremely thin sections (74 nm) produced and oriented using a

JEOL Dual-Beam instrument was needed to understand its process of formation. The

porosity of the black gloss is almost non-existent, while in the coral red it is .20%.

This allows for the re-oxidation of the Fe component to produce red hematite in the

coral red, whilst access by oxygen is inhibited in the black gloss, leaving black magne-

tite as pigment.

Although the study of thin sections using a conventional optical microscope may

provide a large amount of useful information, the use of ancillary techniques can be

even more informative. We have already discussed the possibility of obtaining quanti-

tative results using Digital Imaging Analysis (DIA) based on colours reflected by a

section. One can go further and use various kinds of illumination to cause emission

of fluorescent light. The most common example is UV excitation, which leads to

visible fluorescence. Although this may not provide specific conclusions about the

composition, the presence of organic binders, especially in paintings, can be detected

( Q3Bacci, 2004).

2.9. Analyses that involve the whole object

2.9.1. Use of synchrotron radiation for high-resolution mapping of paintings
using XRF
X-ray fluorescence analysis of paintings can show the presence of elements which may

be attributed with reasonable confidence to specific pigments. This is a very powerful

tool, and portable XRF instruments are now used widely. Coupled with micro-focus

beams or polycapillary lenses and a sturdy x-y-z stage, this technique can

produce very detailed elemental maps. The drawback is that the time needed for a

10 mm � 10 mm map can be of the order of several hours. The application of this tech-

nique is normally confined to illuminated manuscripts or to very small details of other

types of objects (see Trentelman et al., 2010; Szafran et al., 2011). When the object is

larger, the normal procedure is to measure several points that can be connected to each

other visually on the basis of their colour. However, when an under-painting is present,
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and one is interested in mapping the colour of the figure underneath, the time involved

usually becomes prohibitive. For this kind of investigation, a much more powerful and

controllable source of excitation is needed (such as a synchrotron). Dik et al. (2008)

have pioneered this technique, revealing the hidden face of a peasant in a Van Gogh

painting.

2.9.2. Computerized tomography (CT-scanning) of large bronze statues
In medicine we are accustomed to the imaging of parts of our bodies using X-rays and

CT-scans. Using a computer, 3D images obtained by adding a large number of radio-

graphs taken at slightly different angles have proved to be very accurate, providing a

great amount of information. Medical doctors have two advantages over the field of cul-

tural heritage: human bodies are all approximately of the same size and shape (allowing

the object to remain stationary and moving the rotating coupled source-detector along

the body axis) and our bodies do not absorb X-rays too severely. A medical CT-scan

is an excellent tool to study mummies without having to unwrap them (Corcoran and

Svoboda, 2010). If one wants to perform a CT-scan on a bronze statue, the set-up has

to be completely different. A very powerful X-ray tube (up to 450 keV) must be used

to penetrate the thick sheet of metal. A flexible configuration might consist of a base

that allows the object to be rotated carefully by as little as a tenth of a degree. To

increase the resolution, it is good practice to take up to 1,200 radiographs. The final

product is a cube in which x,y,z are the spatial coordinates and the value attached to

every point is the X-ray absorption of the specific pixel. This cube can be sliced in

any direction needed, and 3D reconstructions of the object can be made. The obvious

advantage is that details of the otherwise invisible inner parts are detected and at high

resolution. These include wax imprints, repairs, soldering, cracks and many other fea-

tures of great interest to conservators and curators. Figure 9a,b shows the visible

image of the Statue of Infant Cupid (Roman 1st century, Getty Museum 96AB53)

and a cut through the inner part of it as obtained by CT-scan. The statue is 67 cm

tall, large for this application to a bronze (Casali et al., 2005; Bettuzzi et al., 2011).

2.9.3. Laser speckle interferometry
Cracks and plaster detachments are physical properties characterizing a whole object.

They are often of paramount importance when considering conservation treatments.

The use of ultrasound technology to establish the integrity of a stone statue is well

known (Prassianakis, 2000). In archaeological and historic buildings, it is often a

problem to determine when a mortar (perhaps holding a mural painting) is loose or

not. Conservators carry out this investigation by gently tapping on the surface and lis-

tening to the sound emitted. Low frequencies (low pitch) are an indication of voids

and, therefore, present potential dangers. One can intervene with an appropriate grouting

which needs to be compatible with the surroundings (including material, location and

weight of the loose part). Some problems arise when the detachment is located on a

ceiling, perhaps several meters high. In this case, costly scaffolding needs to be

erected, with all the inherent risks. Recently, a laser speckle interferometer technique

has been developed (Keene and Chiang, 2009). Here, a divergent laser beam is reflected
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off the wall, which is never per-

fectly smooth. The wall topogra-

phy reflects the laser beam in

many different directions, and a

speckle pattern is formed by

interference. A video camera

can collect the speckle image in

a defocused plane. This image is

stored as reference points. By

producing an extremely small

perturbation of the object’s

surface and comparing the new

speckle pattern with the reference

pattern, one can detect loose parts

as they move more freely.

These changes can be produced

by softly pressing, tapping, or

even by sound using varying

pitch produced by a loudspeaker.

In this circumstance, when the

resonance frequency of the

detachment is reached, a clear

image of the loose piece appears

on the computer screen. In the

thermal baths at Herculaneum,

several small pieces of plaster

were on the verge of falling

from the ceiling, posing great

risk for visitors. The voids were

found using laser speckle inter-

ferometry, avoiding the need to

assemble scaffolding.

2.9.4. Visible Induced
luminescence
Photoluminescence spectroscopy

(Ajò et al., 1996; Chiari et al.,

1999), based on laser-activated

luminescence using fibre optics,

has been used for the identifi-

cation of compounds by point

analysis but it is not portable

nor does it permit mapping of

large objects. It is used to study

gems, but it does not have

Fig. 9. (a) Visible-light image of the Statue of Infant Cupid

(Roman 1st century), 67 cm in height; (b) section obtained by

a CT-scan showing details of the interior.
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widespread application for pigments. The photo-

luminescence spectra of several blue pigments

(Lapis Lazuli, synthetic lazurite, Egyptian Blue

and Han blue; see Figure 10) are remarkably

different in spite of their similarity in colour.

This makes it possible to determine whether a

Lapis Lazuli is of natural origin or is man-made

without having to take a sample; as the instru-

ment makes use of a spectrophotometer, these

various types of blues can be distinguished

from one another.

A more recently developed imaging technique

called Visible Induced Luminescence (VIL),

which is non-invasive (Verri, 2008, 2009a, 2009b), is based on the same principle: exci-

tation of the object using visible light and detection of the emitted luminescence in the

near-infrared. Visible induced luminescence is particularly sensitive to important blue

pigments such as Egyptian blue (CaCuSi4O10), Han blue (BaCuSi4O10) and Han

purple (SrCuSi2O6). In all these cases, the Cu2þ ion is the only luminescent centre

(Pozza et al., 2000). The possibility of mapping Egyptian blue is very interesting, as

it was used widely in the old world, from the Assyrians (Verri et al., 2009) to the Egyp-

tians, Greeks and Romans. It was used as a blue colour, or mixed with white to make it

brighter, or red to make it purple. Using this technique, Verri (2009a, b) was able to

detect the presence of Egyptian blue traces on the marble of ancient statues, including

some from the Parthenon, proving that they were originally polychrome. A good

example of such mapping of a large mural painting is the work done in King Tutankha-

men’s tomb (a Getty Conservation Institute project in collaboration with the Supreme

Council of Antiquities of Egypt). The camera used had the infrared (IR) filter

removed and had a long pass IR filter (typically 850 nm) placed in front of the detector.

The IR component of the ambient light needs to be very low as one measures the differ-

ence between the IR light fluoresced by the Egyptian blue and the one reflected by the

other parts of the object. In King Tutankhamen’s tomb this was not difficult to achieve,

but in other situations, such as the open-air archaeological excavations at Herculaneum

(Getty Conservation Institute in collaboration with Herculaneum Conservation Project)

and Pompeii, it may be problematic (Figure 11). Some modifications have been made to

this technique (Chiari, 2011), chiefly by using a more intense excitation source without

an IR component. This can be achieved by using a normal flashlight screened with a

low-passing filter (750 nm) which eliminates the IR component. In this way, the tech-

nique can be made portable; it does not require the use of a tripod, and it can be per-

formed by one person only without the need for electrical cables (Figure 12). An

extension of the technique has been optimized for microscopic observation of thin sec-

tions. In this case, an 850 nm long pass filter is used together with a normal green laser

pointer for excitation. As the luminescence depends on the crystal structure of Egyptian

blue, one can even distinguish between this and Egyptian green (a glass of identical

chemical composition), which is often also present.

Fig. 10. Photoluminescence spectrum of

the blue pigments: Egyptian Blue (solid

line) and Han blue (dotted line).
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2.9.5. Polynomial texture mapping (PTM)
Many imaging techniques useful in cultural heritage studies have been proposed

recently. One worth mentioning is Polynomial Texture Mapping (PTM) introduced

by Malzebender et al. (2001). This involves taking many (30–60) photographic

images of an object using a stationary camera and a light source that moves to

various angles. Knowing the direction of the light for each image, a computer is able

to create an image on the screen in which, with a touch of the mouse, one can change

the illumination direction, passing from raking light coming from the right, to light

coming from the left or any other direction. The effects are stunning, and this technique

is particularly useful for reading inscriptions on tablets or monitoring small details on

Fig. 11. VIL images from Herculaneum (a) visible light picture; and (b) VIL image in which only the

Egyptian blue is visible.
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flaking mural paintings. The direction of the light can be controlled by geometric

devices to accurately position the lamps, or can be determined by the computer by locat-

ing the reflection spot on a shiny ball inserted in the field of the images. This technique

can even be extended to a microscope by using a very small ball, typically the tip of a

ballpoint pen. All the programs needed for this application are available without charge

at the Hewlett Packard laboratory site (http://www.hpl.hp.com/research/ptm).

2.10. Use of non-conventional techniques (at large facilities such as synchrotron

and neutron sources)

In some cases, the use of large facilities such as synchrotron and neutron sources is

necessary. Typically they offer very powerful tunable radiation which may be employed

for many different uses, from diffraction to elemental mapping (see Wogelius &

Vaughan, 2012, this volume). The study of Maya blue, a synthetic pigment developed

by the Mayas, probably at around the eighth Century AD, was possible thanks to a com-

bination of both types of radiation. The literature on Maya blue is extensive. Reyes-

Valerio (1993) described many of the applications of Maya blue from the mural paint-

ings of Bonampak to Mayan and Aztec pottery and stone sculptures. He also described

in detail how to make Maya blue starting from “Sacalum” (Mexican clay, rich in paly-

gorskite) and añil (indigo) leaves. Its properties are quite unusual, as it is extremely

resistant to any sort of attack (organic solvents, or even concentrated nitric acid at

2508C).

The Maya blue crystal structure has been described in detail by Chiari et al. (2003)

using synchrotron powder diffraction, and starting with data from Artioli et al. (1994)

for the clay structure. It was further confirmed by neutron diffraction using Rietveld

refinement of a synthetic Maya blue containing deuterated indigo (Giustetto and

Fig. 12. Equipment used to obtain VIL images in a totally portable way including the presence of ambient

light.
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Chiari, 2004). Good synchrotron and neutron diffraction data, which permitted the

location of the deuterium atoms, gave a structural model that seemed to be correct,

with indigo molecules filling the clay channels. In fact, the indigo molecule fits quite

well into the channels, as can be shown by computer simulation. Nevertheless, as often

happens, the use of one technique alone is not sufficient to find a complete solution. Theor-

etical energy calculations showed that the affinity of water for the clay is larger than that

for indigo and that, therefore, the indigo molecule cannot fill the channels of the clay when

these are occupied by water. Thermogravimetric measurements show that the adsorbed

water is removed at T , 1208C while the removal of zeolitic water in the channels

takes place at higher temperatures. The ‘grooves’ or half channels deriving from the ter-

mination of the crystals can accommodate indigo at the low temperature of synthesis used

experimentally, but the channels cannot. In this way, indigo molecules can simul-

taneously enter the palygorskite crystals (Figure 13) (Chiari et al., 2008). This new

model of the pigment structure, which explains the odd properties of this compound,

could only be obtained by combining the results of several different techniques.

3. Conservation of monuments

Most of the examples discussed above address some aspect of archaeometry. Perhaps

that is because the problems connected with conservation, although very important,

Fig. 13. A proposed model for the crystal structure of Maya Blue. The palygorskite ‘grooves’ along the

horizontal axis are clearly visible. Their size is compatible with the dimensions of the indigo molecules,

which are simultaneously and randomly inserted into the grooves on the surface of the crystals only. The

penetration into the channels is energetically unfavourable.
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are less exciting; indeed, there is little excitement in identifying the types of soluble salts

present on a stone carving, although that piece of information may be of paramount

importance for conservation. When analyzing pigments on a sculpted and painted vol-

canic stone at the Templo Mayor in Mexico City, a white efflorescence was found (Ras-

mussen et al. 1996) to consist of thenardite, an anhydrous sodium sulfate. The likely

source of the soluble sulfate was Portland cement stucco that, in the 1960s, was

applied all around the carved stones. Sodium sulfate can easily absorb water from the

air and form several hydrated forms, stable at different temperatures and relative humid-

ity, all possible in a temperate climate. It is, therefore, possible to change from one

hydrated form to another with the daily temperature and humidity variations. The

most hydrated form, with ten water molecules, is called mirabilite (Levy & Lisensky,

1978) because of the long crystals which appear during its formation. The dangerous

aspect of this material (for conservation) is that mirabilite has a volume per molecule

four times greater than the anhydrous form. Therefore, by absorbing water from the

air, it can exert considerable pressure inside the pores of the stone, with the possible for-

mation of cracks. Sodium sulfate is, in fact, the substance used during simulated aging

cycles in order to submit a consolidated stone to a very harsh test. Here, a modest

analytical effort produced interesting results, and stimulated a lot of preservation

work. Not alone was the symptom of the deterioration (the salt) identified, but the

culprit (the cement) was also eliminated. Portland cement should never be used in proxi-

mity to a porous stone because of its different properties (hardness, porosity, water

absorption capacity, permeability, elasticity) and, also, because it contains sulfates

which can cause the above-mentioned problems of soluble salts. However, despite all

the warnings, cement continues to be used for restoration work in all parts of the world.

3.1. Earthen architecture

One third of the houses in the world are made of mud. The percentage of archaeological

excavations dealing with this material is even greater. Adobe (from ‘al dub’, which in

Egyptian means ‘the brick’) can adsorb water into its clay component, causing dilation.

If the water is abundant, it can turn into slurry. This causes enormous conservation pro-

blems. It would be difficult list all the measures that have been adopted in order to coun-

teract the dissolution of adobe. Two examples can be considered, one chemical and one

physical. For selected parts of a structure of particular value (decorated surfaces, poss-

ibly painted or carved), it is possible to use ethyl silicate as a consolidant (Chiari, 1990).

The product at first hydrolyses, generating silicic acid which can react with other silicic

acid molecules, producing strong Si–O–Si bonds. This polymerization creates a

network of silica tetrahedra, which eventually react with the OH groups present in

the clay. The very fine clay and silt particles, having a large surface:volume ratio, act

as binder of the adobe through surface bonds of electrostatic nature which are affected

by water. The chemical bonds formed following ethyl silicate treatment are less suscep-

tible to the action of water so that the clay particles can no longer be brought into sus-

pension by liquid water, but retain their action as binding agents in the brick (Bruno

et al., 1968; Chiari, 1987). When an adobe monument is very large, like a pyramid or
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a ziggurat, or where entire cities are

involved such as in Yemen (Jerome

et al., 1999; see Figure 14), the

use of a surface consolidant is

impossible for practical and econ-

omic reasons. Agnew (1990) has

suggested using geotextiles, of the

kind used to prevent landslides, in

archaeological excavations. This

is a good example of the exchange

of ideas between applied geology

and applied mineralogy for the

benefit of conservation.

3.2. Inorganic consolidants

3.2.1. Barium
Another very important contri-

bution of mineralogy to conserva-

tion, in this case the conservation

of mural paintings, is the so

called “barium method” originally

proposed by Ferroni (1969) and

refined by Matteini (1991). The

principle is to eliminate gypsum

contamination, often present, by

first treating the plaster with

ammonium carbonate which pro-

duces calcite and ammonium

sulfate. An application of barium

hydroxide then fixes the sulfate

by forming insoluble barium

sulfate. If there is an excess of barium hydroxide, the consolidation continues, as inso-

luble barium carbonate is formed spontaneously. The final result is a sound consolidated

surface. As the treatment is irreversible, it must be carried out only by well trained

specialists to avoid formation of surface white crusts.

3.2.2. Oxalate patinas: decay or protection?
Another important topic in the conservation field concerns calcium oxalate patinas.

Calcium oxalate is extremely insoluble and forms yellowish patinas of either whewellite

or weddellite (the mono and di-hydrated forms) over practically every type of surface.

Until recently, these patinas were ignored, but after their discovery on the Arch of Con-

stantine in Rome (Cipriani & Franchi, 1979), researchers started to pay closer attention,

first to the surfaces of marble and then to other surfaces, finding the ubiquitous presence

Fig. 14. Square house (1930s) built on a much older round

tower in Yemen. The entire construction is made of adobe

with the support of a wooden frame. The white top is a lime

plaster serving both as decoration and as protection against

rain.
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of oxalates (on frescoes, glasses, and even on bronze). The origin of these patinas is still

a subject of debate and, very likely, there is more than one mechanism at play. The

important thing is that these patinas can act as protection for a fragile surface, screening

it from acidic attack. On the Trajan Column, exposed to weathering for �2000 years,

even the finest tool marks are preserved where oxalates are still present. This suggests

that it is worth producing oxalate patinas in order to protect surfaces; an idea (Chiari

et al., 1989) that has been applied by Matteini & Giovannoni (1996) using ammonium

oxalate with very good results. For more information on oxalate patinas and their role in

cultural heritage conservation, see the publications from two international meetings on

the subject (Realini and Toniolo, 1989, 1996).

3.2.3. Nanolimes
The basic idea common to all inorganic treatments is that by filling the voids of a dete-

riorated mortar or stone with an insoluble compatible compound, one can regenerate a

solid, compact texture, more resistant to further deterioration. In the case of lime

mortars, or marbles or limestone, the obvious choice is to fill the pores with calcite.

The problem is that the solubility of portlandite (Ca(OH)2) is very low (Rodriguez-

Navarro et al., 2005) and, therefore, the traditionally employed lime-wash is of

limited use. Modern technology can produce portlandite particles at a nanometric

scale (Baglioni et al. 2003) and which can be held in suspension at high concentration.

Given its nanometric dimensions, this product can easily penetrate a capillary system

and consolidate loose material by crystallizing as calcite and filling the voids. We

should keep in mind that any inorganic treatment will fail if the material has previously

been treated with synthetic resins or polymers of the kind that were popular in the 1970s.

Also, hydrophobic treatments such as the wax or paraffin, commonly used on mural

paintings since the eighteenth century, inhibit the use of much better inorganic products.

The lesson here is that in order to avoid future problems, we should always use a

treatment compatible with the original material and that will not drastically change

its physical-chemical properties.

4. Conclusions

The contribution of mineralogy and related sciences to solving problems in cultural heri-

tage is fundamental. In order for this role to be fully recognized, it is necessary that the

people involved in the research make a special effort to meet the needs of an interdisci-

plinary group, and to use language which can be comprehended by non-specialists.

Mineralogists need to be a part of the process of studying cultural objects as a whole,

not just of analysing a small detail which may not be fundamentally important. They

also need to be involved in the taking of samples and, therefore, in deciding which

parts of an object should be studied and with what methods. As the field is too small

to generate an industry producing specialized instrumentation, it is necessary to influ-

ence the production of non-invasive portable instruments, sharing our ideas with the

engineers capable of realizing them. In the debate on non-invasive and micro-invasive
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methods, we should contribute to the development of a series of guidelines to simplify

the evaluation of the various factors which are involved. Above all, we need to develop

expertise in our own field as part of cultural heritage research.
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