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ABSTRACT—This paper reviews published conser-
vation rescarch that utilizes digital image analysis of
petrographic thin sections. Examples involve quanti-
fying quartz microcrack patterns to analyze stone
deterioration, conducting porosimetric studics of
stone, examining grain-size distribution and grain
shape in stone, comprehensively evaluating deteriora-
tion mecchanisms of stone, studying conservation
treatments of stone, characterizing cementitious
materials, analyzing ceramic materials, and measuring
layer thickness on a variery of materials. Background
issues that must be understood before undertaking or
evaluating image analysis include experimental design
and statistical validity, calibration, image quality, and
image ¢nhancement (preprocessing of images). Early
work often required in-house computer programs;
recent studies make use of new comprehensive image
analysis packages. With the emergence of these pack-
ages that provide fast preprocessing and measurement
of a wide range parameters, we can expect increasing
usc of image analysis of petrographic thin scctions as
an analytical tool in the future.

TITRE—Un compte-rendu des recherches dans le
domaine de la conscrvation concernant I'analyse d'images
numériques dc plaques minces  pétrographiques
RESUME—Cet article fait le compte-rendu des
recherches déja publiées dans le domaine de la conser-
vation concernant I'analyse d'images numériques de
plaques minces pétrographiques. Ces analyses d'images
peuvent servir a identifier des réscaux de micro-fissures
sur le quartz, ce qui indiquerait une détérioration de la
pierre. Elles peuvent aussi permetere des études sur la
porosité de la pierre, 'examen de la distribution ¢t de
la forme des constituantes de la picrre, I'¢valuation des
mécanismes de détérioration de la pierre, Panalyse des
traitements de restauration de la pierre, la caractérisa-
tion des matériaux de cimentation, l'analyse des
céramiques, ct cnfin la mesure de I'épaisscur des
couches d'une grande variété de matériaux. Cerins
principes fondamentaux doivent étre compris avant
d'¢valuer ou d'entreprendre  Ianalyse  d'images
numériques, par exemple le design expérimental, la
validité statistique, la calibration, la qualité de I'image et
I'accentuation d'image (pré-traitement d'image). Au
débue, Tanalyse d'images numérique requérait des
programmes informatiques spécifiques, alors que les
études réeentes ueilisent de nouveaux  programines
sophistiqués, mais courants, d'analyse d'images. Avec
Parrivée de ces nouveaux programmes qui permereent

un pré-traitement rapide et facilitent la mesure d'unce
vaste gamm¢ de paramétres, l'analyse d'images
numériques des plaques minces pétrographiques
devrait devenir pratique courante dans le futur.

TITULO—Resefa del anilisis de imagen digital de
secciones delgadas petrograficas en la investigacion en
conservacién  RESUMEN—Este articulo resena los
trabajos dc investigacion publicados sobre conser-
vacién que utilizan anilisis de imagen digital de
secciones delgadas petrogrificas. Los ejemplos
incluyen la cuantificacién dc patrones de micro
grictas de cuarzo para analizar el deterioro de la
picdra, los estudios de porosimetria de la picdra, el
examen de la distribucién del tamafio y la forma del
grano en la picdra, la evaluacién exhaustiva de los
mecanismos de deterioro de la piedra, el cestudio de
los tratamicntos de conservacion de la piedra, la
caracterizacién de los materiales cementosos, ¢l anili-
sis de los materiales de cerimica y determinaciones
del grosor de las capas de una variedad de materiales.
Problemas de fondo que deben ser comprendidos
antes de asumir el anilisis  de la cvaluacion de la
imagen incluyen disefios experimentales y validacion
estadistica, calibracién, calidad de la imagen, y mejo-
ramiento de la calidad de 1a imagen (“preproceso” de
la imagen). Los primeros estudios frecuentemente
requerian de programas de computacion desarrolla-
dos por ¢l investigador; estudios recientes hacen uso
de nuevos paquetes de software comerciales detaila-
dos de anilisis de imagen. Con la aparicién de estos
paquetes que proveen  preprocesamicnto ripido y
mediciéon de un amplio rango de parimectros,
podemos esperar un incremento del uso del anilisis
de la imagen de sccciones delgadas petrogrificas
como una herramienta analitica en ¢l futuro.

TITULO—Revisio das imagens digitais das anilises
petrogrificas de camada fina para a pesquisa em
conservagio  RESUMO—Este artigo revé trabalhos
publicados sabre pesquisa em  conservagio que
utilizam imagens digitais de anilises petrogrificas de
camada fina. Os exemplos envolvem a quantificagio
de padrées de microfissuras de quartzo para a anilise
da deterioragiio da pedra, estudos sobre a microcon-
dugio porosa da pedra, exames sobre a distribuigio
dimensional do grio da pedra e sobre o sea formato,
ampla avaliagio dos mecanismos da deterioragiio da
pedry, estudo de tratamentos de conservagio  da
pedra, caracterizagio de materiais de cimentagio,
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anilise de materiais cerimicos ¢ a medigio da espes-
sura das camadas d¢ uma variedade de materiais.
Algumas questdes que devemn ser entendidas antes da
realizagio ou avaliagio das anilises das imagens
incluem projeto experimental e validagio estatistica,
calibragio, qualidade de imagem e realce da imagem
(“pré-processamento” de imagens). Os trabalhos
anteriores frequentemente requeriam programas de
computador desenvolvidos du forma doméstica; estu-
dos recentes fazem uso de pacotes de imagens analiti-
cas mais novos ¢ mais completos. Com o surgimento
destes pacotes que proporcionam mais ripidos pré-
processamento ¢ medigio de uma variedade alargada
de parimetros, pode-se esperar um aumento do uso
de imagens digitais das andlises petrogrificas de
camada fina como uma ferramenea analitica no
futuro.

1. INTRODUCTION

Petrographic thin-section analysis is an important
tool for materials characterization and for studying
deterioration and treatment effects on stone, cemen-
titious materials, and ceramics. Combining thin-
section examination with computer programs that
analyze digital images is a standard procedure in geol-
ogy (Petruk 1989). Such programs allow rapid meas-
urement and quantitative analysis of thin-section
features. In recent years, a variety of image analysis
packages for personal computers have been released.
These packages provide major advantages over tradi-
tional methods of analyzing thin sections (visual csti-
mation, individual measurement of features secn
under the microscope, or use of point counting or
similar approaches). Although pioneers of computer-
ized image analysis wrote their own  in-house
programs for cach application, comprehensive pack-
ages are commercially available today for vireually all
potential applications. Use of these packages with
digital images captured at the microscope facilitates
cfforts to characterize, classify, and compare images by
using quantitative data. Image analysis makes it possi-
ble to rapidly and accurately measure particles or
features within a thin section and to guantify param-
cters such as area pereentage, length, width, distance
between features, roundness, size distribution, and
clustering of features. Digital image analysis tech-
niques also are used for other types of materials char-
acterization applications pertinent to conservation
rescarch (such as mctallurgical analysis, analysis of
fibers, analysis of pigment particles or cross sections,
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scanning clectron microscope analysis, etc.).

Section 2 provides a bricf background on tradi-
tional methods for analyzing petrographic thin sections.
Section 3 discusses background issues that must be
understood before undertaking or cvaluating image
analysis work, including experimental design and statis-
ucal validity, calibration, image quality, and image
cnhancement. Section 4 reviews conservation rescarch
licerature reporting image analysis of petrographic thin
sections for quantifying quartz microcracks to analyze
stone deterioration, conducting porosimetric studies of
stonc, cxanuning grain-size distributon and grain shape
in stone, comprehensively evaluating deterioration
mechanisms of stone, studying conservation treatments
of stone, characterizing cementitious materials, analyz-
ing ceramic materials, and measuring layer thickness on
a variety of matcrials.

2. PETROGRAPHIC THIN-SECTION
ANALYSIS

This technique usually involves specimens 30 pm
thick of stone, ceramic, or cementitious matcrials
examined under a transmitted-light microscope, in
plane polarized and crossed-polarized light, usually at
magnifications ranging from 4x to 400x (Kerr 1977).
Thin-section analysis is used to characterize the
mincralogical and textural features of archacological
artifacts, works of art, or building materials; identify
the susceptibility of materials to weathering; deter-
mine the degree and mechanisms of deterioration;
and study the cffectiveness of consolidation and other
conservation treatments (Kempe and Harvey 1983;
Reedy 1994). Although other methods of analysis of
inorganic matcerials may be used in conjunction with
this technique, petrographic thin sections often
provide crucial basic information not available
through other methods of analysis (Peacock 1970,
Rossi-Manaresi 1982; Williams 1983; Jones 1986;
Whitbread 1989; Reedy 1991, 1994; Freestone 1995;
Velde and Druc 1999).

‘Traditional methods of quantifying and analyzing
thin scctions involve measuring features with a
micrometer or eyepicce graticule; doing visual esti-
mations with the aid of published estiation charis
(Williams et al. 1982; Matthew ct al. 1991); and using
variations on point counting, where the relative
proportion of different minerals or features are
counted by recording what appears at the intersec-
tions along a superimposed grid (Stoltman 1989;
Goins and Reedy 2000).
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Visual estimation has the advantage of being rela-
tively fast, so that it is feasible to include more thin
scctions, and thus improve the statistics regarding
variation within and between thin sections of a single
object and berween objects of the same category.
Visual estimation charts specific to cultural materials
such as archacological ceramics have been developed,
which improves the uscfulness of this approach
(Matthew et al. 1991). However, a great weaknuss is
that not all researchers are adept at visual cstimates,
and thus accuracy and reproducibility may not be
very high.

In point counting, a grid, or system for systematic
sampling, is established. At fixed intervals, any grain
that falls at that point is counted, and attributes such
as size and shape may be recorded. Variations in
approaches include the counting intervals selected,
and different rescarchers may differ on whether or
not a grain will be counted more than once if it is
large cnough to intersect more than one point on the
grid. Other methods include counting the grain
nearest a grid point if no grains fall exactly on the
point (Strecten 1982). Variations include line, ribbon,
or area counting. The main purposc of all of these
counting methods is to obtain an unbiased estimate
of the constituents of the sample, expressed as an arca
or volume percentage, or as percentage of individual
grains.

Early work by geologists (Chayes 1954) validated
that arcal measurements produce good estimates of
the relative volume of rock constituents, so they have
been standard in geology for decades for rocks and
soils (Danicls et al. 1968). Similarly, point counting is
a standard method for studying thin sections in
archacology (Kempe and Harvey 1983; Stolunan
1989). However, making many individual measure-
ments is very time-consuming and tends to limit the
number of specimens that can be analyzed in
reasonable period of time, reducing statistical reliabil-
ity or making a rigorous project too impractical to
undertake. Measurement of 50-200 grains is often
needed in order to adequately characterize a thin
section (Middleton ct al. 1985).

Other measurement paramcters of interest with
culeural materials also involve cither time-consuming
individual measurements or faster but less reliable
visual estimation methods. For example, length of
many individual grains can be measured with a stage
micrometer, to arrive at an average length of a specific
mineral in the sample. Shape (such av rounded,
subrounded, subangular, or angular) is often estimated

for quartz grains using visual guides for estimating
degree of roundness (Pettijohn 1975; Scholle 1979;
Pettijohn et ali 1987). Sclection of grains to measure
or estimate can be done rigorously by point count-
ing, or faster but less accurately by trying to identify
grains typical for the thin section.

3. IMAGE ANALYSIS: BACKGROUND
ISSUES

Identification of specific minerals and textures present
must be done mainly through petrographic training
and cxperience. However, quantitative parameters
such as arca percent, length, width, and roundness
measurements can now be accomplished with
computerized analysis of digital images taken at the
microscope. Even automatic identification of rocks in
thin sections has succeeded for some rock types using
image analysis of textural characteristics to classify
specimens (Wang 1995). Image analysis systems
incorporatc many of the same measurements that
have been used by petrographers for decades using
manual methods; however, a considerable savings in
time is achicved by using analysis algorithms in
conjunction with a computer. The carliest systems
often required in-house programming, were instru-
ment-specific, or were limited by computer memory
and processing speeds. Today, a varicty of comprehen-
sive image analysis packages arc available that make
use of advances in microcomputers and software
library developments. User interfaces simplify the
application of complex operations (Hetzner 1998;
Goins and Reedy 2000).

In computerized analysis of digital images taken
through the microscope, one can highlight or mark
for analysis certain minerals or features of a specific
size range, shape, color, or contrast. A wide variety of
data on those highlighted minerals or features then
can be collected rapidly and simultancously (e.g.,
number of grains, range and average size, degree of
roundness, range and average length of axcs, length of
perimeter).

For cach type of material and research applica-
tion, specific protocols for  differentiating  (or
segimenting) the components and/or features of
interest are needed. For example, a mineral might
vary in size, color, and shape within a thin section or
it may be very close in size, color, and shape 1o
another mineral in the thin seetion. A good image
analysis software package casily allows onc to manip-
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of crystalline natural stones. An image analysis
program (not specified, apparently an in-house
program) calculated grain area, perimeter, equivalent
diameter, and ecquivalent sphere  volume and
compared patterns for the four stones. This was done
solely as a supplement to porosity studies done by
mercury intrusion porosimetry and water buoyancy.
The most frequent grain diameter was found to vary
significantly among the four stones analyzed. The four
stones also varied in total porosity and most frequent
pore diameter, as well as in weathering behavior.

Germann ct al. (1988) used image analysis of thin
sections to differentiate between two marble-produc-
ing sites of the Cycladic Islands, Paros and Naxos,
important sources of marble for Greek sculpture and
architecture. They were particularly interested in
being able to identify Greck mainland architectural
stonc that had been imported from the Cyclades, as
an indicator of close conncctions at crucial time peri-
ods. A total of 104 samples from marble deposits and
ancient quarry sites at Paros and Naxos were studicd,
and compared with samples taken from buildings at
Delos and from the treasuries at Delphi. Germann et
al. found cthat the average grain size as determined
from 100 calcite grains was an especially uscful
discriminating criterion.

Perez (1995) developed a procedure for using
digital image analysis for automatic classification of
marbles. The marbles studied include those from a
wide varicty of sources from luly, Greece, Asia
Minor, Portugal, Spain, and France. The step of
preprocessing to develop an image with maximum
contrast was crucial to this work, so that the bound-
aries of individual grains could be discerned.
Parameters analyzed included grain roundness,
squareness, clongation, and size. These data were used
in a discriminant analysis, which appcared to be
successful in separating the sources and correctly clas-
sifying specimens to their actual source.

As part of their research on methods for deter-
mining the geographic origin of ornamentl stone
used in the Roman period, Lumbreras and Serrat
(1996) wrote a computer program to aid in segmen-
tation of grains in digital images of marble thin
sections, so that individual grains could be better
differentiated from cach other for measuring. They
found that fractures within grains can look similar to
actual grain boundarices, making some cdge detection
tools inaccurate; and intensity variations within grains
may prevent segmentation by uniform  gray-level
region detection. To beteer distinguish grains, they

first captured an image without using a polarizer,
then captured two images with different polarizer-
analyzer angles. Information was then assembled
regarding the characteristic pattern of intensity varia-
tion of cach grain.

Schmid et al. (199Y) undertook a quantitative
fabric study by image analysis to compare white
marbles from different ancient quarries. The fabric
study included variables such as grain size and shape;
the quantitative approach aided by image analysis has
the goal of defining quandifiable parameters based on
geometrical features observed in thin section. In this
example, they analyzed 63 thin sections from 14
quarries in Greece, ltaly, France, and Turkey.
Analyzing grain-boundary networks with a compre-
hensive image analysis package (NIH Image), they
computed axial difference (major axis minus minor
axis) and perimeter divided by area for each grain;
grain distribution within a thin scction; and the
PARIS factor, which describes the ratio between
convexity and concavity of a particle outline.

Beste discrimination  between  quarries  was
achicved with two variables: mean  (logarithmic)
major axis and PARIS factor. Where there were over-
laps, cathodoluminescence provided additional data
uscful for characterizing marble source. They note
that the color and pattern of luminescence depends
mainly on trace clements, whereas the fabric of the
marble is a marker of the history of deformation and
reerystallization of the rock, so the two types of data
represent very different and independent sources of
information.

4.4 COMPREHENSIVE
EVALUATIONS OF
DETERIORATION MECHANISMS
OF STONE

Once advantage of image analysis is that it facili-
tates rapid collection of a wide range of data pertinent
to studies of stone deterioration measures. For exam-
ple, Esbert and Montoto (1986) used digital image
analysis of thin scctions of building stone (limestone,
sandstone, and granite) to study macroporosity, to
identify the relative proportions of mineral compo-
nents, and 10 characterize fractures, as an aid to study-
ing mechanisms of deterioration. In order ta
highlight original pores and microcracks for deterio-
ration and durability studies of monumental stones,
Esbert and Montoto recommend  using polished
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specific types, estimate the amount of non-clay mate-
rial present, and estimate grain sizes and relative
amounts of different-size grains. Photomicrographs of
thin scctions were scanned and then the quartz and
feldspar grains enhanced through a binary conversion
process that converts those grains to black and the
clay matrix background to white. An image analysis
program (not specified) was then used to compute
surface area of the particles, perimeters, and length
over width; frequency histograms were produced
with the data by use of a separate spread sheet.

Since sands and sandstones have many similarities
to ccramic matcerials, some work on image analysis
performed by sedimentary geologists is relevant to
ceramic studies. Schiifer and Teyssen (1987) used an
image analysis system to determine grain-size distri-
bution, grain shape, and grain orientation in thin
sections of sands and sandstoncs. Protz and
VandenBygaart (1998) developed a protocol for using
image analysis to differentiate voids, organic matrix,
clay coatings, and carbonate and iron concretions in
thin scctions of soils. Francus (1998) showed how
image analysis (using a binary conversion process) to
study grain size variation in thin scctions of soft clas-
tic sediments can be done relatively quickly and
quantitatively.

Ccnozoic aquifer sands in Belgium were analyzed
by traditional sicving as well as by digital image analy-
sis of thin sections (Lagrou et al. 2004). The authors
note that the image analysis approach gives an over-
estimate of smaller grain sizes, mainly duc to random
scctioning of the grains in thin section. This differ-
ence between sieving and thin section data s a well-
known phenomenon, and conversion equations exist
if the two data types need to be compared (Harrell
and Eriksson 1979; Johnson 1994). Flowever, some of
the difficultics encountered by Lagrou et al. could be
improved by bhetter preprocessing  procedures  to
prevent the artificial splitting of inhomogencous
grains into sceveral smaller grains, and by making a
composite image so that large grains that exceed the
field of view of the image are not cut off,

For ceramics, statistical analysis of grain-size
distribution may help identify the presence of delib-
crate non-clay additives (temper). Natural sediments
tend o have a uniinodal, continuous distribution of
grain sizes. In contrast, when an additive is present,
there tends to be a himodal distribution of grain sizes,
with the finer grain sizes coming in with the clay and
coarser ones with the added temper material. Another
approach that is used is to compare the total surface

arca of the larger grains with that of the smaller
grains, keeping in mind that there will be a range of
diameters for both added and naturally-occurring
grains. The two statistical approaches combined can
be used to characterize the amount of temper addi-
tive (Velde and Druc 1999).

A similar approach was taken by Bouchain and
Velde (2001) in a study of grain-size distribution by
image analysis of thin scctions from Gaulo-Roman
common wares cxcavated in France. All specimens
studied have a similar mineralogy of quartz, potassium
feldspar, muscovite, and biotite with occasional acces-
sory minerals. A two-mica granite was suggested as a
precursor, with a common origin for both the clay
and grit resourcces, probably coming from sandy mica-
ceous deposits found along a river bed near the site.
An in-house program was used for a binary conver-
sion process, so the brown clay was converted to
white background while the translucent grit was
convereed to black. Estimation of grain size for the
grit particles was donc by computing the percentage
of the arca of the photograph occupied by various
size categories. Grain-size distribution curves were
then ploteed.

They concluded that three types of grain distri-
bution could be seen. In one, grain sizes are cvenly
and symmetrically distributed on plots that compare
log size to arca percent, indicating a single origin for
sediments used to make the paste. In the second, the
same regular distribution is seen, but there are also
some very large grains with a clear size cut-off, as
might result from sieving of the river sediment to
produce the grit. The third is similar to the second
but the large grains include some that are much larger
than the others, which Bouchain and Velde interpret
as indicating the addition of a temper of varying grain
size rather than from sicving of the original material.
Thus different methods of preparing paste were used
for a single ceramic ware.

Using lmage-Pro Plus with a sandy ceramic thin
section, it is fast and casy to focus on the non-clay
sand fraction and look at its size distribution. Once
calibracion and preprocessing  steps have been
completed, one can use a procedure in which the
bright objects (the sand) within the darker clay
matrix are highlighted and measured. Histograms can
then be viewed for visual evaluation of size distribu-
tion. Figures 2, 3, 4, and 5 compare results for two
different sherds. For figures 2 and 3, the results indi-
cate a continuous distribution of sand grain sizes,
ranging from 0.002 10 0.09 mm with the largest
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