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ABSTRACT

BIOLOGICAL DECAY AND ITS CONTROL BY BIOMINERALISATI  ON
IN CALCAREOUS STONES

Ustiinkaya, Meltem Cemre
M.Sc., Archaeometry Department
Supervisor: Prof. Dr. Emine N. Caner-Salt k
Co-supervisor: Assoc. Prof. Dr. Ay Gl (Cetin) GOzen

December 2008, 119

Biodeterioration has an important role in weathering of histonmaterials.
Natural stone materials become vulnerable to physical andichlechanges in

outdoor conditions, favouring the biological growth.

In this study, biodeterioration on calcareous stones and its cohrol
biomineralisation were studied on limestones from Nemrut Mounbuvent
and marbles from Pessinous Archaeological Site. For qualitatigeguantitative
detection of biological activity fluorescein diacetate &fDmethod that was
developed for soil microbial activity was applied to storfesisioric monuments.
Qualitative FDA analysis was used on cross sectionseofamples in order to
observe the depth of penetration and effects of biomineralisatiomg a light
microscope with fluorescent light source. Quantitative FDAyasigwas done by
spectrophotometric determination of fluorescence formed by FBa#nent. X-

Ray Diffraction (XRD) analyses were used in determiningnemalogical



structure of patinas and stone base. Light microscopy wed tasinvestigate
changes in morphological structure of historic stone in crosshamdections of
the samples. The control of biodeterioration on stone surfaessstudied by
biomineralisation treatments usingBacillus cereus The results of
biomineralisation were evaluated by XRD, light microscopy, SHMK and
FDA analyses.

The results of this study showed that the biodeterioration was@ortant decay
factor in stone materials. It started from the surface ganktrated through the
microstructure of the stone up to about four cm depth. Biodedédor also
contributed to the growth of microcracks. Results of biomirsaton using
B.cereusto form a protective coating on limestone and marble wése a

discussed.

Keywords: Biodeterioration, historic limestone, historic marble, fluoeese,

FDA analyses.
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TAR H YAPIKIRECTA LARINDAK B YOLOJ K BOZULMALAR VE
B YOLOJ KBOZULMANIN B YOM NERALLE T RME LE
KONTROLU

Ustiinkaya, Meltem Cemre
Yuksek Lisans, Arkeometri Bolumu
Tez Yoneticisi: Prof. Dr. Emine N. Caner-Salt k
Ortak Tez Yoneticisi: Doc. Dr. Ag Gul (Cetin) G6zen

Aral k 2008, 119

Biyolojik aktivite tarihi malzemelerin énemli bozulma nederinden biridir.
Ac¢ k hava artlar nda, tarihi yap larda kullan lan dal yap talar fiziksel ve
kimyasal dei imlere uramaktad rlar. Bu artlar biyolojik bozulmalar n

olu mas nda da etkilidirler.

Bu ¢al mada, Nemrut Da kiregtalar ve Pessinus Arkeolojik Alan mermerleri
Uzerindeki biyolojik bozulmalar incelenmive biyomineralletirme ile yluzey
bozulmalarnn kontrol altna alnmas cahalar yapImtr. Topraktaki
biyolojik aktivitenin dlgtlmesi igin geltirilmi olan Fluorescein diasetat (FDA)
analizleri tarihi yap tdar ndaki biyolojik bozulmalar incelemek Uzere

uyarlanm tr.

Biyolojik aktivitenin nitel olarak izlenmesi igin takesitleri FDA ile muamele

edilmi, 6rneklerde oluan floresanl k mikroskopta floresan lamba kullanarak
v



incelenmitir. FDA analizleri, biyolojik aktivitenin spektrofotomeitriyontemlerle
nicel olarak tayininde de kullanimr. X nlar toz difraksiyonu (XRD)
analizleri ta yiuzeyindeki bozulma bdlgelerinin ve ta mineralojik yapsnn
tan mlanmas nda kullan Int r. Ta yuzeyindeki biyolojik aktivite sonucu olan

mikro dei imler ince ve kaln kesitlerde k mikroskobu ile incelenmiir.

Biyolojik bozulman n kontrolli calmalar ta ylzeyine kalker bakterilerinin
uygulanmas ile olan biyomineralletirme ile cal Im tr. Bu uygulaman n
sonuglar XRD, k mikroskobu, SEM-EDXve FDA analizleri ile

de erlendirilmi tir.

Cal mann sonuglar biyolojik aktivitenin tarihi yap tar igin dnemli bir
bozulma faktérii oldwnu gostermtiir. Biyolojik aktivitenin ta yizeyinden
ba layarak mikro catlaklardan iceriye da dort santimetreye kadar ilerledi
gorulmutur. Kiregta ve mermerlerin yluzey bozulmalar nBacillus cereus
bakterisi kullan larak biyominerallarme yontemi ile kontrol altna al nmas

sonuglar datartim tr.

Anahtar Kelimeler: Biyolojik bozulma, tarihi kiregta, tarihi mermer,

floresanl k, FDA analizleri.
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CHAPTER 1

INTRODUCTION

Weathering is the breakdown and alteration of materials ar@ion the earth’s
surface to products that are in equilibrium with newly impgsegsico-chemical
conditions (Ollier, 1969). The stones used in the construction of nentarare
also prone to decay over time as a result of exposure to evieathWeathering
agents taking role in the weathering of natural stone mikstecen lead to
physical, chemical and/or biological processes (Schaffer, 192)weathering
agent acts alone; the relative importance of each liseimed by the concurrent
effect of other agents, or exposure to the action of one eraer the material
more susceptible to the subsequent action of another (ScH&fT&).

Physical weathering is the breakdown of the material byeiytmechanical
methods, with little or no chemical change in the rockfi{&llier, 1969; Carroll,
1970). Fluctuations of temperature and physical changes assowiiedhe
presence of water are the main physical weathering ag8otwaffer, 1972).
Changes in temperature give two different results in theridetgon of stone:
stresses may be set up either by the unequal expansion anactontof the
component minerals or by the expansion and contraction of surfare fajative
to the underlying stone (Schaffer, 1972). Physical changes dassbuwigh the
presence of water and affected by temperature changefoateformation,
crystallisation of soluble salts within the materialnda occurrence of
efflorescence (Ollier, 1969; Schaffer, 1972). Frost damage happéths

expansion of freezing water in a confined space such as tbe @od capillaries
1



of natural stones (Schaffer, 1972). The degree of damage thraemfinty is
affected by temperature changes as well as the physmaénties of the stone
used in the construction of the structure (Schaffer, 1972)estdence happens
due to the movement of soluble salts with water through the,prapdiaries and
recyrstallization of those salts after evaporation of wéehaffer, 1972). Salt
crystals formed inside capillaries and pores result inkargcand powdering of
stone (Ollier, 1969). Physical weathering agents: watenpeeature and salt
crystallization; are involved together or subsequent to thetsfféf each other.
The physical weathering produces the damage; it also exp@setone to other
weathering agents (Schaffer, 1972).

Chemical weathering is a series of surface chemicatioaacbetween rocks, the
atmosphere, and water (Ollier, 1969). During chemical weaathexidation and
reduction, hydrolysis, hydration and chelating reactions may docurineral
structure of stone (Ollier, 1969; Carroll, 1970). Chemical wegttyeof stone
material can be initiated with physical, chemical or biolabweathering agents.
Water, atmospheric gases and biological growth that latgké/part in chemical
weathering are the chemical weathering agents (OHi669; Carroll, 1970;
Schaffer, 1972). Acid gases resulted from air pollution caussiom, skin
formation, and exfoliation in the stone material (Schafi&72; Canert al,
1988; Ngoc Laret al, 2005).

Biological activity plays an important role in the deterimmatof stone. The
breakdown of rocks and minerals is largely controlled by plarisnals and
microorganisms (Ollier, 1969). The climatic conditions of any aegcause
changes in the flora that can grow there, the growth acaydef flora provide
the raw organic matters which, through the action of microféord chemical
processes produce the soil humus (Carroll, 1970). Biological weahis a
complex process involving several factors of deterioration hegewith it
(Canevaet al, 1991). All those decay agents cause physical and chemical
damages to the material (Schaffer, 1972; Fitatenl, 1995, Warscheid and
Braams, 2000).



Although chemical, physical and biological decay agents amonsible for the
weathering of materials, in the case of building stonas were used in the
construction of monuments, there are additional factors affetctiagrate of
weathering (Schaffer, 1972). Natural defects in stone nra#dgerifaulty
craftsmanship during the construction, and wrong choice of matadalerate
the weathering of building stones (Schaffer, 1972). In mosteotdises all those
decay factors act simultaneously in the deterioration prafesenes.
Understanding the mechanisms of deterioration is important in ¢odéake
measures against weathering (Price, 1996). It is also edgentinderstand the
type and degree of weathering and evaluate the rateariatation in structures
for taking proper steps for their conservation. Mapping of visusdtkering
forms is a first step to study the deterioration problems afiumental stones.
Fitzner et al. (1992, 1995) studied the visual weathering forms of stones in
historic monuments constructed with different natural stonesvaral climatic
conditions. The results of Fitzneet al. (1992, 1995) showed that the
classification of the visual weathering forms can be gatheinder four main
branches as; loss of material, discoloration/deposits, detatbmand
fissures/deformations. Their mapping is useful for diagnostic andecvation
studies of monuments. The maps of visual weathering forms sha@ig
distribution indicate sources of weathering and ease represergatnpling and
further studies.

The biodeterioration types such as coloured patina formatemsustations,
biofilm formations, pitting etc. (Tiano, 2002) caused by the vagtiof
microorganisms can be found in all four main branches of waath types
explained above (Fitzneet al, 1995). Activities of microorganisms and
organisms interact with the physical and chemical agentke mthe
biodeterioration one of the major processes damaging the natmas Caneva
et al, 1991; Floreset al., 1997). The importance of biological activity on the
weathering of stone have led to many studies on the msohs of
biodeterioration and its control (Paim al, 1933; Pochon and Jaton, 1968;
Strelczyk, 1981; Caneva and Salvadori, 1988; Gritiral.,1991; Canevat al,

3



1991; Mayet al, 1993; Bock and Sand, 1993; Urzi and Krumbein, 1994;
Warscheid and Krumbein, 1996; Koesti¢ral, 1997).

1.1 Biodeterioration

The biodeterioration of materials in nature cannot be considesegh isolated
phenomenon; it always occurs together with other physical, chénoic
physicochemical deterioration processes (Canetvaal, 1991). The term
biodeterioration refers to any undesired change in material piepdue to the
activity of microorganisms and/or organisms belonging to variggsesatic
groups (Caneveet al, 1991). They normally play an important role in the
weathering mechanisms of organic and inorganic materiate(@at al, 1991).
Biological activity is a complex process influenced by variadrs such as:
climatic effects, nutrition, light, etc. (Canegtal, 1991).

All the factors that promote biodeterioration process canrbiirlg factors if
their values are near (above or below) the limits of &mlee of a species (Caneva
et al., 1991). Limiting factors for biological growth are those that inhthi
presence of a biological species (Canetaal, 1991). The humidity, pH,
temperature, light, salinity, pollution are examples oftiimgi factors (Canevat
al., 1991).

The main consequences of metabolic activity, such as thetiercoé enzymes,
inorganic and organic acids, are the dissolution of mineratseasubstratum and
the precipitation of new ones (Caneataal, 1991). Moreover, the growth and the
swelling of some vegetative structures (e.g. roots arieeric thalli) produce
physical stresses and mechanical breaks (Tiano, 2002). The bibkltgcations
also differ according to ecological peculiarities such as #wed of
microorganisms and organisms involved and the characteristicsthe
environment where the object is located (micro- and macriveerent,
atmospheric pollution, etc.) (Canestal, 1991).

The material properties are another thing affecting the degral type of

biodeterioration. In fact; different kinds of organisms can gusimg the mineral
4



components of a stone and its superficial deposits (Tiano, 2B0B)ological
weathering the decay process usually starts by the intaraofi the stone
material with water (rain, dampness, freezing-thawing) €féano, 2002). The
contents of air, especially the ratio of pollutants,ehalso an important role in
the biodeterioration of stone (Herrera and Videla, 2004, Nutetghl, 2006). In
Figurel. 1 the relationship of several factors in biolalgdeterioration process

can be seen.
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Figurel. 1 Interaction of artwork (stone) with itsenvironment (Canevaet al, 1991, p.4).

There is a wide range of organisms causing decay of stoteriag Decay
mechanisms caused by different organisms have to be understoat®r to take
measures for the conservation of deteriorated stone. Thersegeral methods

for classification and identification of organisms actingthe deterioration of



stone (Tiano, 2002). New methods are still being developedédordhservation

of stone affected by biodeterioration.

In the following section, biodeterioration agents, limitingtéas of biological
activity, formation of biological patina, methods for the inigegion of

biodeterioration and control of biodeterioration are brieflyeesd.

1.1.1 Biodeterioration Agents

Biodeterioration of the stone monuments has been affected by botb- rand
macro-organisms. The organisms taking role in biodeterioratidroduce
different mechanisms, end products and visual changes on thensttesal.
Microorganisms play a fundamental role in mineral transfdonatin the natural
environment, most notably in the formation of soils from rock thedcycling of
elements (May, 2003; Gadd, 2006). Microbial communities on anacksralso
contribute to the formation of various patinas, films, varnisteasts and
stromatolites in rock substrates (Gorbushina and Krumbein, 2006y, dlso
prepare the medium for the development of macro organisms likeés pdad

animals.

Bacteria

Bacteria attack stone by chemical action (Canewal, 1991). The bacteria
playing role in the microbial weathering of stones are ma@aitotrophic, but can
also be heterotrophic or chemolithotrophic (which use inorganic andiorga
substances indifferently) (Krumbein, 1972; Canetaal, 1991; Tiano, 2002)
(Fig. 1. 2). Microbial solubilisation process is always codpiéth acidification

of the medium and a weight loss of the stone (Castwah 1991).
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Figurel. 2 The action of bacteria on stone (Canewt al,1991, p.89).

The alterations resulted from bacteria are no different fpamely chemical
origin that are visually observed as black crusts, powderirigliaion (Caneva
et al, 1991). It is not possible to separate abiotic and microbiolbgrogesses
and it is believed that completely sterile weathering ipossible (Polynov,
1937).

The ability of many bacteria (sulphur-oxidizing, nitrifying and hett®phic) to
decay stone has been demonstrated in Figure 1. 2.

Sulphur-oxidizing bacteria have most of the attention as it s&®@ag acidic end
product (Pochon and Coppier, 1950; Gugliandolo and Mangieri, 1988; Gomez-
Alarcon et al., 1995). Biological formation of gypsum, nearly always found
among weathering products of limestone, is due to the adteughur-oxidizing
bacteria (Pochon and Jaton, 1968).



The importance of nitrifying bacteria in weathering of stomnuments was first
demonstrated by Kauffman (1960).

Iron bacteria obtain energy from the oxidation of ferrous ionsetdcfions
(Caneveet al, 1991).

Heterotrophic bacteria also can be found on stone surfacess(etal, 1986;
Floreset al, 1997). They act mostly by means of chelating agents, orgadic a
inorganic acids, bases (ammonia or amines) (Caetealh 1991).

Some bacteria can mobilize silica and silicates (Wedley, 1963). By the same
type of chemical action insoluble or inorganic source of phosphomisbea
solubilised (Canevat al, 1991). Some bacteria can attack haematite, goethite,
limonite, etc. (Ehrlich, 1981).

Algae and Cyanobacteria

Two different systematic groups of microscopic algae can be fonrat within
the stone are cyanobacteria (blue-green algae) and chlorsplayyten-algae)
(Caneveet al, 1991).

The algae and cyanobacteria can be considered the pioneeribgantsaof a
stone surface as they can grow whenever the dampness, temparad light
factors are suitable (Tiano, 2002).The most important factomslitoning the
establishment of algae are light intensity, humidity, teemoee and pH (Caneva
et al, 1991). The relationship of the first two factors with différealgal

associations is given in Figure 1. 3 (Canetal, 1991).
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Figurel. 3 Ecological succession of cyanobacterisssociations with regard to light and
humidity (Canevaet al, 1991, p.94).

These organisms can adapt themselves to very partsullstrata, changing the
colour and morphology. They usually participate in numerous lichenic
associations (Tomaselét al., 1979). Limestone is more often colonized than
other kinds of stone (Caneeaal, 1991; Gaylardet al, 2006).

Fungi

Fungi are heterotrophic organisms that cannot grow on inorganic rsiateeial
unless there are organic residues (Canetval, 1991). Fungi are important
decomposers, animal and plant mutualistic symbionts and pathogeds, a
spoilage organisms of naturally manufactured materials (G288, 1999, 2006;
Burford et al, 2003). They also have an important role in the maintenarsailof
structure (Gadd, 2007).

Fungi are major biodeterioration agents of stone, wood, plastestaer building
materials and they are important components of rock-inhabitingromal
communities with significant roles in mineral dissolution @edondary mineral
formation (Hughes and Lawley, 2003; Burfatlal, 2003). Recent studies have

shown that several fungi can dissolve minerals and mobilizelsnat higher pH
10



values, and over a wide redox range, faster and more atfictean bacteria (Gu
et al, 1998; Castret al, 2000; Burfordet al, 2003).

Fungi have been found on a wide range of rock types includingtlome, granite,
marble, sandstone, andesite, basalt, gneiss, amphiboliteitejod@apstone and
qguartz in a variety of environments (Staktyal, 1982; Gorbushinat al, 1993;
Sterflinger, 2000; Burforeét al, 2003).

The damage to the stone substrata can be biomechanical amatbemical
(Gadd, 2007). Direct biomechanical damage may occur through hyphal
penetration (Canewet al, 1991; Gadd, 2007). Indirect biomechanical weathering
is particularly associated with the action of extradetl mucilaginous substances
produced by fungi (Gadd, 2007). The most important deterioration aspiet
biochemical action caused by fungi (Caneval, 1991; Gadd, 2007).

Biochemical weathering of rocks results in changes inntl@otopography of
minerals through pitting and etching, mineral displacement cees;tand even
complete dissolution of mineral grains (Leywal al, 1993; Ehrlich, 1998;
Adeyemi and Gadd, 2005). Fungi can solubilise minerals and cwighounds
through several mechanisms like acidolysis, complexolysis addxoby/sis
(Burgstaller and Schinner, 1993). The primary fungal impact onenal
dissolution is the acidolysis effect due to the production adroogacids (Caneva
et al, 1991; Fominat al, 2005).

Fungi also cause patina formation and discoloration of the stofeces due to
the release of melanine (Leznicka al, 1988). This phenomenon causes both
biomechanical and biochemical damage to the stone. Melanieegry stable
indochinone derivatives that are produced from amino acidimgogausing
black coloured patina formation (Caneataal, 1991).

11



Lichens

Lichens are formed as a result of the symbiotic associatioalgaea and/or
cyanobacterium and fungi (Gadd, 2007). Their poikilohydric naturéutction

and survive at varying water content) allows them to ocecurextreme
environments (Hawksworth and Hill, 1984). Together with cyanobacttrey
play an important role as pioneer organisms in the colonizationaks and can

colonize man-made substrate in a relatively few yearse\@eat al, 1991).

The metabolic substances produced by the lichens can cause campbsiti
change in the stone surface layer immediately beneatlctien|structure, with
depletion of its main chemical elements (Al, Mg, Mn, 2n,Ca, K, and Fe) and
the accumulation of some, especially Ca, inside the th@lmses and Wilson,
1985).

Moreover, the application of microscopy technigues on the stonservation
showed that the lichenic growths on stone surfaces cause ptdesicage as a
result of deep penetration of hyphae (Bech-Andersen and Chesteh883;
Joneset al.,1987). Because of their hyphal growths and high growth rate lichenic
growth is one of the most unwanted and hard-to-remove biolagdgterioration

types (Canevat al, 1991).

Plants

Variations in climate in different regions cause changgsant species growing
in that particular area. Still, plants and their accompanynacrofauna and

microfauna are abundant species all through the Earth.

They also grow largely on archaeological sites and buildings wee substrates
and environmental conditions are favourable (Canstval, 1991). Sufficient

water content, adequate light for permitting photosynthetiosigctand good
12



porosity of the substrate are the environmental conditions favoinengrowth of
plants (Canevat al, 1991).

Besides the problems of physical and visual obstruction causezbbyation, the
role carried out in the weathering processes is of a matiaand chemical
nature (Fisher, 1972; Allsopp and Drayton, 1975).

Plants vary in their ability to cause mechanical or chemizahage to the
structure (Canevat al, 1991). The mechanical damage due to the growth and
radial thickening of root tips is of great harm (Winkler, 197@)her than the
physical stress from the roots, the acidity of the root dipd the acidity and
chelation ability of exudates cause the chemical actioharstructure (Williams
and Coleman, 1950; Keller and Frederickson, 1952). Some pkmtglso cause
an undesirable coloration of stone due to the release of orgampounds into
the pores of the substrate (Lewin and Charola, 1981). Treaslaeological
sites cause some problems due to the expansion of theirysietns that can

develop many meters under soil (Canetal, 1991).

The presence of plants also induces variations of both macnmianal climatic
parameters: an increase of relative humidity (RH) andematagnation, a
reduction of insolation, windiness and pollutants in the air. [ast is due to
absorption by leaves (Canegtal, 1991). From the standpoint of conservation,
the effects can be either negative (favouring the growthige#fe and mosses) or
positive (reducing aeolian erosion, hydric exchanges and consequbatly
migration of salts) so the correct planning of conservatiomcinagological areas

must also bear these aspects in mind (Caatad 1991)
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Animals

Effects of animals of any size to the historical monumentd archaeological
sites cannot be underestimated. Although, softer materialaftgeted more

rapidly and severely, stone materials are also affdmtexhimals in time.

Birds and especially urban avifauna seriously damage outdmue, Sh addition

to creating problems of aesthetic nature (Care\al., 1991). Avifauna damages

the stone material directly or indirectly (Tiano, 2002). Oiréestructive action
occurs through physical damage such as trampling and graminghemical
damage caused by dropping of acid excrement containing high ancbumitsite

and phosphate compounds (Tiano, 2002). Indirect damage is made byc organi
substances accumulated on stone surfaces and serve as nstiitsigta for
heterotrophic microflora (bacteria and fungi) (Winkler, 1975;sBasd Chiatante,
1976; Nimiset al, 1987).

Apart from birds, the ecosystem of insects and artropodethegroups mostly
involved in rock dwelling and rock decay (Urzi and De Leo, 20Blgck spots
due to the dense deposits of mosquitoes excretes have been fouriiten
marble surfaces (De Silva, 1975). Artropodes communities asicpiders were
observed on stone building supporting algal and lichenic growtmd@Ti2002)

are examples of stone weathering by insects.

The grazing of ship, goat or other animals can also caus&ahgamage to the

structure by injuring the walls and floors of the site (Caret\al, 1991).

Animals are also deteriorative for submerged historical memisnthrough the
action of stone borers like molluscs, mussels, clams, anarskias that can bore
up to 10-15 cm of the wall by means of mechanical and chéraatéons
(Pearson, 1987; Caneeaal, 1991).

14



1.1.2. Limiting Factors of Biological Activity

Two laws of nature have been used in explanation of the dtitara between
limiting factors (see p.4 for description) and the biological papris (Canevat
al., 1991).

Liebeg’s law of minimum says that growth is controlled nothmy total amount
of resources available, but by the scarcest resource (€anal 1991).
Shelford’s law states that organisms have also an ecologiadimum
determining an interval representing the limits of tolerg@ameveet al, 1991).
In Figure 1.4 the behaviour of various species of differaxbriomical groups
with respect to the environmental parameter ‘temperatshews that each
species has specific values under and over which it dies for ilppeasons
(values too low or too high). The optimality value obviously kesnewhere
between those values, but not necessarily in the aritheheticldle (Canevaet
al., 1991). Generally, the optimality value for biological spetsesearer to the
maximum limit of tolerance (Fig. 1. 4) (Canestaal, 1991).
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Figurel. 4 Some organisms living range for temperate (Larcher, 1976; Canevaet al, 1991,
p.6).

Organisms may have a wide range of tolerance for one fantba narrow one
for another (Canevat al, 1991). Those with narrow limits are linked to precise
conditions making it possible to interpret the values of environmpatameters

to which they are sensitive (Caneataal, 1991). Thus, when present they can be
used as bioindicators that is the biological species or commutiiiesndicate
certain values of an environmental parameter. The water ntomte the
environment being high or low values, or the effect of pH oniepes some of
the limiting factors that can be used as bioindicators €Zaet al, 1991).

Sometimes the absence of a species can also be used aslediioi of certain
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negative parameters such as the absence or reduction ofslialinere there is

pollution.

1.1.3. Formation of Biological Patina

Biodeterioration can be seen visually by means of p&timaation. In the case of
calcareous stones the composition of patina is based on tesqees calcium
oxalates (CagD,-nH,0), gypsum (CaSgRH,0), calcite (CaCg), silicates in
various amounts with some accessory minerals (e.g. iraep¢hlessandrini and
Gianfilippo.; 1988; Rampazzet al, 2004). The films are often decayed and
discontinuous, presenting colours from pale pink to yellow, toeoohnrbrown
(Rampazzet al, 2004).

There are two main hypotheses for the origin of patina formaliotogical or
chemical (Rampazziet al, 2004). In biological origin the characteristic
stratigraphy of calcium oxalate films is due to the ocewee of microorganism
colonisation on the stone surfaces, oxalic acid being abwletgproduct of the
same organisms fed by organic compounds of the usual depositientpvashe
stone (Rampazzet al, 2004). As in the chemical origin, it is the degredative
oxidation products of organic material, deriving, for examplemfrpast
conservation treatments present on the substrate (RanepatzP004).

In both cases, the reaction between oxalic acid and calcium congpprasent
on the stone either as constituent mineral (calcite) or rasnintional or
accidental deposit (calcium salts), forms calcium oxalate the mineralogical
phase of whewellite (Ca0,4-H,O) and wedellite (Caf,-2H,0) depending on

thermodynamic conditions (Rampaetial, 2004.

1.1.4. Methods for Investigation of Biodeterioration

Microorganisms take the lead role in biodeterioration of stirie important to

identify and quantify the microorganisms affecting the stbeterioration. There
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are several analytical methods for identification and quaatitin of microbial

populations.

In order to have reliable results in microbiological study,ed#ht experimental
methods have to be used. Fluorescence techniques (Adam and Duncgn, 2001
microflora total, total carbon, total nitrogen (Diack and tSt@001) or total
phosphate measurements are helpful for quantification. Micras¢ephniques
and biological techniques such as growth of the organisms ectigel media,
DNA extraction and Polymerase Chain Reaction (PCR) techsigreealso used

for the identification of the species.

Fluorescence Techniques

Fluorescence is used in detection of microorganisms in varields.f
Fluorescence of Adenosine Tri Phosphate (ATP), in order totdetganisms has
been used in many applied fields such as pharmaceuticswatestéreatments,
soil quality, etc. (Jago and Sidorowicz, 1989; Raretlial., 1997; Adam and
Duncan, 2001; Ranalli2003). The use of fluorescein esters as a measure of
enzyme activity was first noted by Kramer and Guilbalt (19&&)ce the total
microbial activity is a good general measure of organicenaitnover in natural
habitats (Heal and McClean, 1975), the method was adapteke tase of
environmental samples in order to use this method as an indicititve total

microbial activity.

Detection of fluorescence by colorimetric analyses has lwkme by using
fluorescein  diacetat (FDA), 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl
tetrazolium chloride (INT) in the detection of microbialigity in soil (Adam
and Duncan, 2001; Lundgren, 1981; Taylor and May, 1995). Firefly lircifer

luciferase has been used for the measurement of the miceabiaty in the
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works of art (Casidat al, 1964; Lundgren, 1981; Harvey and Young, 1980;
Bitton and Koopman, 1982; Schnurer and Rosswall, 1982; Ranallj 1997).

The bioluminescent firefly luciferin-luciferase reaction asie of the most
sensitive ATP detection systems. The procedure involvedetsteuctive method
of extraction of DNA from the samples (Ranadli al, 1997). According to
Taylor and May (1995) INT was a less sensitive measuretioftaand it is less
suitable to be used in the field study.

In 1980, Swisher and Caroll developed a method and showedh¢haimount of
fluorescein produced by the hydrolysis of fluorescein diacef@®A) was
directly proportional to the microbial population growing on Dougladdtiage.
The method developed by Swisher and Caroll (1980) was later taclbog
Shnirer and Rosswall (1982) for determining total microbiaviacin soil and
straw litter as well as in the determination of cell dgns1 pure microbial
cultures. Since 1982, FDA hydrolysis has been used to measarenicrobial
activity in a range of samples such as: the mould growth on woddother
building materials (Bjurman, 1993), stream sediment biofilBatt{n, 1997),
deep sea clay and sand sediment profiles (Gumprechal, 1995), and

developing a soil quality index (Diack and Stott, 2001).

FDA hydrolyzed by a number of various enzymes, such as protépasses and
esterases (Greegt al., 2006). It is a colourless compound upon hydrolysis by
both free (exoenzymes) and membrane bound enzymes (Stubberfickhand
1990), and the acid—yellow coloured product fluorescein is relg&sg 1. 5).
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+ 2(CH;COOH)

Fluorescein Diacetate Fluorescein

Figurel. 5The reaction of FDA treatment and the engbroduct (Greenet al, 2006)

The product fluorescein can be measured spectrophotometricalt§Oatnm
wavelength (Adam and Duncan, 2001). The optimum conditions affetttang
FDA reaction with the enzymes include optimum pH (7-8), optinemmperature
being 30 C to 40 C and time of incubation being 30 minutes to 2 Héutam
and Duncan, 2001; Greenal, 2006).

Microflora Total

Microflora total is an experimental technique for the qdimation and
identification of the microbial population. The identification hased on the
general groups of microorganisms that can be found on deteriostded
(Debusschere, 1973).
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1.2. Control of Biological Growth

Control of biological growth is one of the treatments to be Ideee in
conservation studies. The aim of such control is the elimmaf biodeteriogens.
The method includes sterilization of microflora, extermoratof larvae and
insects and eradication of higher plants (Canetval, 1991). The efficacy of
these treatments depends on the methods and the products choseew but
growth will inevitably occur if the environmental conditions favngrbiological
growth are not changed (Canestal, 1991). To obtain lasting results, all the
necessary interventions other than direct control of biodetaanratve to be
established when conservation is being planned (Cagewed, 1991). A flow
chart can be drawn including the questions to be considered hifciding to

perform a biodeterioration control treatment (Fig. 1. 6).
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Figurel. 6 Flow chart showing the questions to beoasidered before deciding to perform a
biodeterioration control treatment (Canevaet al, 1991, p.125).

With regards to the principles and the nature of the meanpdoged control
methods can be classified as mechanical, physical, biologicdl,chemical or
biochemical methods (Canegaal, 1991).

Mechanical technique is a method of displacing the biodeteriiCmmevaet al.,

1991; Tiano, 2002). Those methods do not produce lasting results; nratesye
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can damage the substrate during removal of root systeme\(@et al, 1991).
When properly employed by restorers, those methods can be usefcibiygpe

when coupled with chemical methods (Canetal, 1991).

The methods used in physical control of biological activity algaviolet rays
(UV), gamma rays, low frequency electrical current systeheat, deep-freeze
temperatures and ultrasonic (Caneval, 1991).

Biological combat is based upon exploitation of the parasiti@ntagonistic
groups of animals and vegetal organisms (Caneva and SalvE@Rs),

Chemical control of biological activity involves pesticides atlidinfectants
(Canevaet al, 1991; Tretiachet al, 2007). Pesticides are chemicals used for
destroying undesirable biological growth (Caneval, 1991). Disinfectants are
chemicals that destroy vegetative forms of harmful oggganisms (Canevet
al., 1991).

Biochemical methods involve the use of chemical compounds @igiall origin
which cannot be considered as pesticides (Caaewah, 1991). Antibiotics and
enzymes are some examples of biochemical compounds. All thélsedneised
in the control of biological growth have side effects on stopeuments and are
not long lasting. The use of biotechnology should also be conside@edantrol

method of biological growth.

1.2.1. Biomineralisation

Biomineralisation is simply the synthesis of minerals frammpée compounds by
organisms. It involves the selective extraction and uptake ofeslts from the
local environment and their incorporation into functional str@stwnder strict
biological control (Mann, 2001) (Fig. 1. 7). Elements such dsiura, iron,

carbon, phosphorus and silicon are cycled over millions of yieasgh complex

pathways that at some critical stage involve biomineraisgMann, 2001).
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Figurel. 7 Biomineralisation and the environment (Minn, 2001, p.1).

One property of biominerals must be their low solubility ungeysiological
conditions (Mann, 2001). In biologically induced mineralizatianorganic
minerals are deposited by precipitation, which arises frecorgdary interactions
between various metabolic processes and the surrounding envirofivtaamnt,
2001). For example, in certain types of green algae, calcamponates are
precipitated from saturated calcium bicarbonate solutions by mietaboioval
of carbon dioxide during photosynthesis, according to the equilibridfigure 1.
8 (Mann, 2001).
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Ca? + 2HCO; = CaCO; + CO, + H,0

Figurel. 8 The equation of calcium carbonate precigation in some types of green algae
(Mann, 2001, p.24).

In a similar way, the extrusion of many metabolic productssscor into the cell
wall of bacteria can result in the biologically induced jpi¢&tion of various

inorganic materials by subsequent reaction with metal iors(12001).

The biologically controlled mineralization is a highly redath process that
produces materials such as bones, shells and teeth (Mann, 20@&ke T
biominerals are distinguished by reproducible and species-specific
crystallochemical properties such as; uniform particle, sisdl-defined structure
and composition, high level of spatial organization, and complexmiogies
(Mann, 2001). Biologically controlled mineralization is widesgt in unicellular
creatures such as algae and protozoa, and extremely common icehuldti
organisms (Mann, 2001). One of the well documented cases for iballpg
controlled biomineralisation is the formation of magnetite intdr@a so called

magnetotactic bacteriMann, 2001).

Calcium based biominerals are found in a very large numbesrgdnisms
(Crichton, 2001). The shells of molluscs are among the most abunidgenic
minerals, and are composed of 95-99% calcium carbonate caystadess than
5% organic matrix (Crichton, 2001). In nature carbonate precgitat
theoretically occur following several known processes: abiotienmical
precipitation from saturated solutions by evaporation, temperaitneaise and/or

pressure decrease; external or internal skeleton production byryetds
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(Crichton, 2001); lowering of CQpressure under effect of autotrophic processes
(photosynthesis); fungal mediation (Callett al, 1985; Verracchia and Loisy,
1997); heterotrophic bacterial mediation (Canetval, 1991).

The production of calcium carbonate particles through bactergdiation
follows different ways (Castanieat al, 1999). In autotrophy, three metabolic
pathways are involved: non-methylotrophic methanogenesis (Marty, 1983),
anoxygenic photosynthesis and oxygenic photosynthesis (Castar@ier1999)

(Fig. 1. 9). All three pathways use €@s carbon source to produce organic

matter (Castaniest al, 1999).
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Figurel. 9 Pathways for the production of calcium arbonate by bacterial mediation

(Castanieret al, 1999, p.11).

Heterotrophic pathways have two bacterial processes as eaasd/ active

precipitation (Castanieat al, 1999). Passive precipitation operates by producing

carbonate and bicarbonate ions and inducing various chemical mubolifecan

the medium that lead to the precipitation of calcium carbomatevo different

metabolic cycles as; nitrogen cycle and the sulphur c@asténieet al, 1999)

(Fig. 1. 10, 1. 11).
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Figurel. 10 Passive calcium carbonate precipitatioby nitrogen cycle (Castanieret al, 1999,
p.12).

Active precipitation is independent of the other previousiyntineed metabolic
pathways (Castaniat al, 1999). The carbonate particles are produced by ionic
exchanges through the cell membrane by activation of calaigileamagnesium
ionic pumps or channels, probably coupled with carbonate ion production
(Castanieret al, 1999). Numerous bacterial groups are able to operate such
processes (Castanietral, 1999).
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PASSIVE PRECIPITATION : SULPHUR CYCLE

ANAEROBIOSIS
Presence of organic matter, Ca++ and SO4™

Production of
CO,;” HCO;” H,S

Discharge of H,S H,S No discharge of H,S |-
= pH increase is used by other bacteria = pl-l decrease ;
ANOXYGENIC SULFIDE SULPHIDE-OXIDIZING
PHOTOTROPHIC BACTERIA AEROBIC BACTERIA
(autotrophic) H,S — S° (autotrophic)

S forms intracellular or
extracellular deposits 20,+H,S - S0, +2H*

W '

Calcium carbonate precipitation No calcium carbonate
CO3- + Cat++ — CaCO3 precipitation

Figurel. 11 Passive calcium carbonate precipitatioby sulphur cycle (Castanieret al, 1999,

p.13).

In nature, carbonatogenesis is generally carried out by plufigppopulations
so that sediment organic matter may be totally mineraliséml carbonates
(Castanieret al, 1999). The production of solid carbonate depends upon the

strains in the bacterial population, the environmental conditibesgquality and
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guantity of available nutrients and time (Castaateal, 1999). Biomineralisation
studies carried under laboratory conditions have considered tlrspsEeta
HeterotrophicBacillus cereusstrains were found to be useful for calcification
procedure under laboratory conditions (Castagieal, 1999; Le Métayer-Levrel
et al, 1999). The procedure of biomineralisation used in this study akan t

from the study of Le Métayer-Levret al. (1999).

1.3 Aim of the Study

This study aimed to examine biological deterioration anceftects on some
stone monuments and to test a method for controlling their bicaletion
problem. It was desired to analyse the damage and thepositonal
characteristics of the biofilms present on calcareoug storfaces such as marble
and limestone. For that purpose, analyses of representativessiopées from
deteriorated monuments and natural stones showing similar séruetuot
deterioration that were in the vicinity of those monuments \stréied; namely
limestones of Nemrut Mount Monument and marbles of Pessinous
Archaeological Site. Time, space and the effect ofrenmental conditions were
not taken into consideration in this study. The aim of this stuay to find a
practical and easy method to examine biological decay atinadily and
guantitatively, and also to test a biomineralisation prodesscontrolling

biodeterioration.

The problem of defining the extent to which alterations can leeibasl to

chemical or to microbiological processes has been studieshgthl but has not
been solved yet. It is necessary not only to have a ddeywsvledge of the
microbial ecology of stone but also to establish common staadartiboratory
procedures so that the results obtained by different authors camipared for a
better understanding of the microbial decay of stone. Therafosestudy aimed

at composing practical and reliable methods for the examinatibn o
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biodeterioration in historic stone monuments. It is necedsanse qualitative
and quantitative methods to see how the biological actisityistributed in the
stone and estimate the amount of biological activity thaespansible from

biodeterioration.

In this study, biological activity was examined by using FD#algses, light
microscopy, SEM-EDX, XRD and spectrophotometric  analyses.

Biomineralisation method was used in order to control bickgrowth.
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CHAPTER 2

MATERIALS AND METHODS

In this study the representative stone samples associaitid biwlogical
deterioration zones and patinas, coming from two important memsnmamely;
limestones of Nemrut Mount Monument and marbles of Pessinous
Archaeological Site were analysed.

Biologically deteriorated zones and relatively undeterioratedriors of the
samples were investigated by using several analytical tpodmi

Determination of material composition and mineralogical progsexf selected
samples were done by the help of several analyses: Egitogranalyses of thin
and cross sections under light microscope and stereo microscogetikesdy;, X-
Ray Powder Diffraction analyses (XRD) were used tordete inorganic and
organic minerals. In addition, scanning electron microscopdMj®&upled with
EDX analyses were used for the samples before and héidsiemineralisation
procedure.

Biological measurement methods were also applied to th@lsano get the
degree of biological deterioration. Fluorescence techniquesuserkon selected
samples using fluorescein diacetate (FDA). Cross sectiogesnaf samples were
taken by light microscope with fluorescent light source. Visialesorption
spectrophotometer was used to determine the fluorescence olufgital
deterioration in the samples, quantitatively.

Bacillus cereusacteria were applied to the stone surfaces togethle mwititive
solution to form artificial biomineralisation. After suffesit time passed the

changes on the surfaces were investigated by various aablgchniques. In
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addition, colorimetric measurements were done before andth&epplication

of bacteria.

2.1. Nomenclature of the Samples

In order to simplify the presentation of experimental resafimples were coded.
The nomenclature of the samples is given below.

First, two or three capital letters correspond to the imcavhere the samples
were taken and/or type of stone studied (e.g. NEL shows Nedfasit Terrace
Limestone, PM shows Pessinous Marble). First number followingletiers
corresponds to the sample number. Samples having significant ibadlog
deposition on their surface were named as P (patina) (ElgLmMshows Nemrut
East Terrace Limestone sample 1 Patina). To signify uatie&reated samples
with lyophilized and fresh bacteria applied U, L and F ehpétters were used
after sample number indicating untreated, lyophilized bacinid fresh bacteria
applied conditions (e.g. NEL2U shows Nemrut East Terrace &irttd imestone
sample 2, NES1L shows Nemrut East Terrace Lyophilized bacsgplied
Sandstone sample 1). Small letters appeared at the end endalaur of the
patina (e.g. ‘g’ correspond to green, ‘0’: orange,, ‘grygrav’: white and ‘bk’:

black patina).

2.2. Historic Buildings and the Description of Samples

In this section, the samples studied and the monuments frone Wiesamples

were taken were described briefly.

2.2.1. Nemrut Mount Monument

Nemrut Mount Monument is located in Kahta, Ad yaman. The monumast w

dedicated to Kommagene King Antiochus and that of the godstofie of the
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king was concealed under the man-made burial mound. The constrottios

monument headed back to 40 B.C. (Appendix 1).
Limestone and sandstone samples of Nemrut Mount Monument andelhé:d

analyses are given in Table 2. 1 - Tablé.2.

Table 2. 1 Nemrut Untreated Limestone Samples.

Sample Photograph Type of Analysis

Thin/Cross Section
XRD
SEM-EDX
NEL1U
FDA

Colorimetric Data
(L*a*b)

Thin/Cross Section

NEL2U Colorimetric Data

(L*a*b)
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Table 2. 2 Nemrut Lyophilized Bacteria Treated Limestone Samples.

Sample

Photograph

Type of Analysi

[2)

NEL2L

NEL3L

NEL4L

NELSL

SEM-EDX

Colorimetric Data
(L*a*b)

XRD

Colorimetric Data
(L*a*b)

FDA

Colorimetric Data
(L*a*b)

FDA

Colorimetric Data
(L*a*b)
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Table 2. 3 Nemrut Fresh Bacteria Treated Limeston&amples.

[72)

Sample Photograph Type of Analysi
SEM-EDX
NEL2F Colorimetric Data
(L*a*b)
XRD
NEL3F Colorimetric Data
(L*a*b)
FDA
NEL4F Colorimetric Data
(L*a*b)
FDA
NELSF

Colorimetric Data
(L*a*b)
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Table 2. 4 Nemrut Limestone Samples with Patina.

Sample Photograph Type of Analys
XRD
NEL1R,
XRD
NEL2R, FDA
SEM-EDX
XRD
NEL3P,
FDA
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Continuation of Table 2.4.

XRD
NEL4P,,

XRD
NEL5P,

FDA

XRD
NEL6Py

FDA
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Table 2. 5 Nemrut Sandstone Samples.

Sample

Photograph

Type of Analysi

(')

NES1U

XRD
FDA

Colorimetric Data
(L*a*b)

NES1L

SEM-EDX
FDA

Colorimetric Data
(L*a*b)

2.1.2. Pessinous Archaeological Site

Pessinous archaeological site has been located at Ball Willage, on Ankara-

Eski ehir highway. Phyrigian city of Pessinous was dedicated to tikemgod
of Kybele. It is dated back to 700 B.C. Pessinous is\athdt has harboured

various cultures in itself. The Phyrigien city of Pessinous feanded by King

Midas. It had independence even after the occupation ddti@ss. Since

Galatians became incorporated by Romans the city of Pessiemasne the

capital city of Galatians and developed as a major trademgre in central
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Anatolia. Late Roman and Byzantine period continued uf'tweBtury A.D until

Seljuk Turks invaded this area. General view and map e$iReus with its
chronological order were given at Appendix 2.

The marble samples were collected from the detachedgddhs theatre (from a
seat) in Pessinous Archaeological Site (PM2U) and from mingjearry of

Pessinous from Roman period. Those samples and the typdysfesnadone with
the samples are described in Table 2. 6 - Talde 2.

Table 2. 6 Pessinous Marble Samples.

Sample Photograph Type of Analysis
Thin Section
XRD
PM1U EDA

Colorimetric Data
(L*a*b)

FDA

XRD
PM2U

Colorimetric Data
(L*a*b)
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Continuation of Table 2. 6

PM3U

Colorimetric Data (L*a*b)

Thin Section

XRD

FDA

SEM-EDX

Table 2. 7 Pessinous Lyophilized Bacteria Treated Bble Samples.

Sample

Photograph

Type of Analysis

PM2L

PM3L

PM4L

XRD

Colorimetric Data
(L*a*b)

FDA

Colorimetric Data
(L*a*b)

FDA

Colorimetric Data
(L*a*b)
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Table 2. 8 Pessinous Fresh Bacteria Treated Marb®amples.

1%

Sample Photograph Type of Analysis
XRD
PM2F Colorimetric Data
(L*a*b)
FDA
PM3F Colorimetric Data
(L*a*b)
FDA
PM4F

Colorimetric Data
(L*a*b)
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Table 2. 9 Pessinous Marble Samples with Patina.

Sample Photograph Type of Analys
PM1Ry XRD
PM2Ry XRD

2.2 Determination of Petrographical and Mineralogical Properties

Mineralogical properties of samples were examined by using XRD,section

and SEM-EDX analyses.

2.2.1. X-Ray Diffraction (XRD) Analysis

Powdered samples were prepared for X-ray diffraction armly’ee biological

(7]

patinas were scraped off from the stone surfaces. Theescaipces of the
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samples were grounded in an agate mortar. Deterioratedssidaees were also
scraped and grounded in an agate mortar. The bulk stone ssapplated from
patina and deteriorated zones were also grounded in an igatar to be
analysed by XRD.

Some of the patina samples were treated with 5% H@ldar to investigate, the
presence of clay minerals at deterioration zones. Gafl&3 expected to be
dissolved in dilute acid. The solution was filtered with \ie@n No. 40 filter
paper. The residue was dried at 60°C in the oven and groundacdhijate mortar.
X-ray diffraction analyses were carried on these powderedplsa using
unoriented mounts.

The instrument used was X-Ray Diffractometer Rigaku D/MAX22CG0/P
Analysis was done using CuKadiation, adjusted to 40kV and 40 mA. The XRD
traces were recorded for the Yalues from about 3 to 70 . Mineral phases were
identified in XRD traces.

2.2.2. Thin Section Analysis

For these analyses, the samples were put into plastic mbaldsg sizes of
1.5x3x1 cm. Araldite D (ESCIL) and Durcisseur HY 956 (ESCILYyevmixed
and the samples were covered with the mixture. They wereike@tcuum of
100 torr for 30 minutes. After one day, the samples were cuhadf with a low
speed saw (BUEHLER, ISOMET). One of the slices westeewith fluorescein
diacetate to inspect the depth of the biological deterratunder the
fluorescence microscope (Leica DM025) at 490nm wavelength. Tiez oias
kept for thin section analysis and reduced tor3Ghickness on a microscope
slide. The thin sections of the samples were examined usitg DM025 light

microscope with a photographic attachment.
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2.2.3. Scanning Electron Microscopy (SEM) Coupled With Enay
Dispersive Analyzer (EDX)

SEM analysis aimed to provide complementary information about morphology
and microstructure of patinas and stone as well as the praafudhe
biomineralisation process. Samples of about 1 cm dimensions Wahsarface

was prepared and coated with gold. The instrument used BW&®la JSM-5400
Scanning Electron Microscope operated at 22 kV and coupled with Energy
Dispersive X-ray analysis (EDX) system by which elerakanalysis could be
done.

SEM micrographs were taken where possible and elemental enalgse carried

out and evaluated together with the micrographs.

2.3. Biomineralisation

Biomineralisation treatment was applied to the represeataimples from each
location (Table 2.2, 2.3, 2.5, 2.7 and 2.8). The samptevgere separated into
two groups according to the type of treatment with bacteeimgb freshly
prepared bacteria and lyophilized bacteria.

The procedures followed are given below.

2.3.1. Preparation of Bacterial Medium

It is known that bacteria and fungi can grow on various kindsedia which
include changing amounts of phosphate, sulphate, chloride, glucuatea
amino acids and yeast extract and so on (Madiga@h, 2003).

Nutrient broth was used for growing both lyophilized and fr&bereus.
Medium was prepared by dissolving 8 grams of nutrient broth fVe8OH
Analar) in 1 litre of demineralised water. In order tevent the possible

contamination occurrences during the preparation of the mediuntlaung
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was performed. The nutrient broth was autoclaved at 121 C fonidtes. The
pH of the solution was 7+0.2 at 25 C.

2.3.2. Preparation of Fresh Bacteria

Lyophilized bacteria frozen under high vacuum have been plantadarplates
and left for growth at 28 C for 48 hours. The bacteria culturedn fithe
lyophilized bacteria have been removed from agar plates toemutbroth
mentioned above. They were left for growth at 28 C for 48 hoths. growing
bacteria in the liquid medium were centrifuged at 5000 rpmi@aminutes to get
the pellet. The pellet contained a dense population oticabacteria. It was kept

at 4 C until application.

2.3.3. Preparation of Lyophilized Bacteria

25 grams of nutritive powder (Nutricale) was dissolved iitréd of deionised
water which was free of Clons by shaking vigorously. After dissolving all the
nutritive powder, 3 grams of lyophilised bacteria were addethe medium.
After addition of bacteria the medium was not supposed to beaistakymore

and settled for 12 hours at room temperature before application.

2.3.4. Preparation of Nutritive Medium

25 grams of nutritive powder (Nutricale) was dissolved ilitré of deionised

water which was free of ions by shaking vigorously.

2.3.5. Application of Fresh and Lyophilized Bacteria to tk Samples

The media prepared with fresh bacteria and with lyophilibacteria were
applied to the surface of stone samples by the aid of a paish. Then, the

nutritive medium was applied to the same surfaces of tre ssamples. This
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process was repeated within a period of five days. At rideoé those five days
the application of nutritive medium was stopped. After a pesifotivo months
the samples were examined using different analytic methodsier to observe

the changes due to biomineralisation.

2.4. Examination of Biological Activity

Qualitative and quantitative analyses of biological astiwere done by using
fluorescence techniques before and after biomineralisation. flibeescence

were developed by FDA treatment.

2.4.1. Fluorescence of samples with FDA

Fluorescein diacetate (Lipase Substrate, Sigma Aldrich_tdg. USA) was used
for determining the depth of biodeterioration and the effects e t
biomineralisation on samples. The solutions used were buffatisgl FDA
stock solution, and fluorescein stock solution. FDA treatmentepioes applied
to the samples were adapted from the studies done by AdaBuaien (2001).

Preparation of Buffer Solution

The buffer solution used in the preparation of fluoresceindstal solution was
prepared from KHPO, (Riedel-de Haén, Sigma-Aldrich Co. Ltd, Analar) and
KH,PO, (Merck, BDH Analar) According to Adam and Duncan (2001) the rate
of hydrolysis of fluorescein compound reaches to maximum betweéh(ogid
8.0. In this study, a buffer solution with pH 7.5 was pregphaefollows.

8.7 grams of KHPO, and 1.3 grams of KHPO, were dissolved in 800 ml
distiled water and the volume was completed to one litréh \®ddition of
distilled water. The pH of the solutions was measured yskhgapers before

usage and at some intervals during the usage (Adam and Duncan, 2001)
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Preparation of FDA stock solution

0.1 grams of FDA was dissolved in approximately 80 ml adt@ne and the
volume was completed to 100 ml with acetone. The resultingicolhad a
concentration of 1 mg FDA/mI. Solution was kept in refrig@réaelow 0 C until

application. The solution was prepared freshly for each apiplictéAdam and
Duncan, 2001).

Preparation of fluorescein stock solution

0.2265 gram of fluorescein sodium salt (Sigma-Aldrich) was digdolin
approximately 80 ml phosphate buffer of pH 7.5 and the volume wds opato
100 ml with the same buffer. The resulting solution was 2 lmgrdscein/ml
(Adam and Duncan, 2001).

Preparation of 20 g fluorescein mf* standard solution

1 ml of stock solution (2 mg fluorescein/ml) was added to arfiD@olumetric
flask and the volume was made up to the mark with buffer solofigpH 7.5.
Then, 1-5 g/ml standards were prepared from that standard solution by

appropriate dilution with buffer solution of pH 7.5 (Adam and Duné&dl).

FDA application to the stone samples

FDA applications to the samples were done for two diffefgmposes: to
measure the depth of the biological deterioration from theasairthrough the
stone by staining the cross sections of the samples and wsumethe total
microbial activity in the stone before and after biominerabsain powdered
samples.

Cross sections of the samples were prepared as slicesttieostone surfaces

down to interiors having thickness of 2 mm and 1 cm depth. The secfisns
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were stained by FDA solution and analysed by using ligletascopy. On the
other hand, those type of cross sections were grounded in annagée for
guantitative FDA analysis using spectrophotometric measurement

Samples prepared for both types of FDA analyses were piaggalss flasks and
15 ml of phosphate buffer (pH 7.5) was added to them. Then, FI2A sbdution
was added to start the reaction. The samples were sttakenighly and placed
in an oven at 30 C for 30 minutes. After removing the samptas ven, the
powdered samples were centrifuged at 4000 rpm for 3 minutessuffenatant
was filtered with Whatman No 40 filter paper and thigate was measured at
490 nm in a spectrophotometer (Optima SP-3000 Plus UV/VIS
Spectrophotometer).

Examinations of cross-sections were done under light microscaiea(DMC
320) with photographic attachment having external light source (lEi6800)
for fluorescence excitation under blue filter (450-490 nm).

2.5. Colorimetric measurements
Colorimetric measurements were done on the surfaces of sabgflee and
after the biomineralisation treatment with a spectrophotoni&tarika Minolta

Cmd-2600) using the CIELa*b* standards (1976). Distinct colour changéson

samples before and after the biomineralisation were undesirable
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CHAPTER 3

EXPERIMENTAL RESULTS

Nemrut limestones, Pessinous Archaeological Site marbles agwhrul
sandstones were examined for their mineralogical and petrogahphi
characteristics as well as distribution and amount of biologici@tity present in

them. Results of those analyses are given in the folloséntjons of this chapter.

3.1. Mineralogical and Petrographical Properties

Mineralogical properties of samples were studied by XRD, Igitroscopy of
thin sections and SEM-EDX analyses to determine the naggcal phases, their

distribution and elemental composition.

3.1.1. X-Ray Diffraction Analysis

All the samples were examined for their mineralogical coitipasat their
exterior surface and compared with their composition at relgtivndeteriorated
interiors. For the determination of minor components, somelsamgre treated
with 5% HCI to dissolve the major component that was calcitgeral. XRD
analyses of Nemrut limestone samples were carried out oro mamples of
statues, on similar samples from geological formations shoavifegent types of
biological patina and on biological patina samples after fegsth lyophilized
bacteria applications. Different coloured biological patinah sis: green, orange,

black, white and gray on limestones were examined.
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XRD analyses of Pessinous marbles were carried out obiohegical patina
samples, on samples from crack surfaces of the marblagghaielogical activity
and on the biological patina samples after fresh and lyapHilibacteria
applications.

XRD analyses of Nemrut sandstones were carried out ondlugyibal patina of
samples.

XRD patterns of the samples indicated that the main compohém limestones

from Nemrut Mount Monument was calcite as expected (Fig. 3. 1

2 CuK

Figure 3. 1 Interior parts of geological limestonesample from East Terrace, C: Calcite.

The XRD patterns of white patina formation on the thronehatdast terrace
revealed that the main component was calcite with litleunts of wedellite and
dolomite (Fig. 3. 2).
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2 CukK

Figure 3. 2 White patina sample (NEL1Pw) from East Terrace, C: @lcite, D: Dolomite, We:
Wedellite.

Another sample with white patina formation from east tersdueved traces of
calcite, calcium oxalates: wedellite, and whewellite,rguand kaolinite (Fig. 3.

3).

2 CukK

Figure 3. 3 White patina sample (NEL2Pw) from East Terrace, C: @lcite, K: Kaolinite, Q:
Quartz, We: Wedellite, Wh: Whewellite.
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XRD patterns of a sample with green patina formationheneast terrace before
and after treatment with HCI revealed that the mainpmrants of the patina
were calcite, wedellite and whewellite along with snaatiounts of quartz (Fig. 3.
4).

2 CukK

Figure 3. 4 Green patina sample from East Terracedfore (NEL3Pg) and after (NEL3Pga)
acid treatment, C: Calcite, Q: Quartz, We: Wedellie, Wh: Whewellite.

Gray patina formed on eagle statue at the east tewasamainly composed of

calcite and wedellite with traces of quartz minera)(Bi. 5).
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2 CuK

Figure 3. 5 Gray patina sample from Eagle statue oEast Terrace, C: Calcite, Q: Quartz,
We: Wedellite.

The orange coloured patina on Heracles statue from eaatdeshowed the
presence of calcite, quartz, wedellite, and traces ofrolagrals. Diffused peaks
around 22°, 26° and 41°, seen on the XRD pattern might be due poeence

of amorphous silicate minerals such as opal-A and amorphous tlayais, etc

(Fig. 3. 6).
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2 CukK

Figure 3. 6 Orange patina sample from Heracles staé at the East Terrace before
(NEL5Po) and after (NEL5Poa) acid treatment, C: Catite, Q: Quartz, We: Wedellite.

Black coloured biofilm on the limestones of east terracesemted peaks of

calcite, quartz, feldspars and clay minerals mainly ki#el(Fig. 3. 7).
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2 CukK

Figure 3. 7 Black patina sample from East Terrace &fore (NEL6Pbk) and after
(NEL6Pbka) acid treatment, C: Calcite, F: FeldsparsK: Kaolinite, Q: Quartz.

The XRD patterns of limestone surfaces free of visibiéolgical patina that were
treated with lyophilized and fresh bacteria, revealed wminierals but calcite

(Fig. 3. 8).
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2 CuK

Figure 3. 8 Limestone sample treated with lyophilied bacteria (NEL3L) and sample treated
with fresh bacteria (NEL3F), C: Calcite.

Pessinous marbles had mainly calcite with small amounts of delomitheir
composition. The exposed surface showed the presence of bialmweztellite
(Fig. 3. 9).
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2 CukK

Figure 3. 9 Deteriorated marble sample from Pessins Archaeological Site (PM2U) and
marble samples from ancient Pessinous quarry (PM1BM3U), C: Calcite, D: Dolomite,
We: Wedellite.

XRD patterns of biological patina taken from Pessinous Arcbgewl Site
revealed the presence of wedellite, dolomite and quartzraténalong with the

main component calcite (Fig. 3. 10).
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2 CukK

Figure 3. 10 Black patinas from the surface of Pes®us Archaeological Site, C: Calcite, D:

Dolomite, Q: Quartz, We: Wedellite.

XRD traces of lyophilized and fresh bacteria applied neadamples with no

visible biological patina revealed only calcite peakg.(B. 11).

59



2 CuK

Figure 3. 11 Marble sample with no visible biologial patina treated with lyophilized
bacteria (PM2L) and marble sample treated with fres bacteria (PM2F), C: Calcite.

Sandstone sample from Nemrut Mount Monument having black patina was
mainly composed of quartz, feldspars and with small amourtslcite, and clay

mineral kaolinite (Fig. 3. 12).
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2 CukK

Figure 3. 12 Sandstone samples from East Terracefioee (NES1U) and after (NES1Ua) acid

treatment, C: Calcite, F: Feldspars, K: Kaolinite,Q: Quartz.

3.1.2 Thin Section Analysis

Petrographic analyses were carried out on thin sectionsneftone samples
from Nemrut Mount Monument and marble samples from Pessinous
Archaeological Site. Some of the samples had visible bzdbgatina at their
surface.

The petrographic analyses carried out on thin sections revéa¢dNemrut

limestones were composed of micritic calcite with fossilams (Fig. 3. 13).
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Figure 3. 13 Thin section view of limestone from Narut East Terrace, NEL2U (10X, single

nicol).

Biological patina formation was visible in some of the samatesthe thickness

of patina on the surface was variable from 1 mm to 2 mm &ig4).
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2.5X, single nicol 10X, single nicol

Figure 3. 14 Thin section views of patina on thertiestone surface, NEL1U.

It was observed that biological activity has penetrateoutiit the microcracks.
The depth of penetration of visible biological activity wastagt mm from the
exterior surface (Fig. 3. 15). The biological activity imsithe stone had a
deteriorative effect on the stone structure causing detachnmettie compact

stone structure and increase in porosity (Fig. 3. 16).
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single nicol cross nicols

Figure 3. 15 Thin section view of microcracks throgh the surface and biological activity
inside the microcracks, NEL2U (2.5X).

single nicol Cross nicols

Figure 3. 16 Thin section view of biological actity inside the stone, NEL2U (10X).

Thin sections of Pessinous marbles revealed that they wargosed of
heteroblastic textured calcite grains with twins (Fig. 3. Biglogical activity

was visible especially in intergranular zones (Fig. 3. 3719). The penetration
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of visible biological activity was approximately up to 5 mranh the surface of
the stone (Fig. 3. 19).

Figure 3. 17 Thin section view of Pessinous quarrynarble (PM1U) showing biological

activity in intergranular zones, (2.5X, single nict).
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Figure 3. 18 Thin section view of Pessinous quarrynarble (PM3U) showing biological

activity in intergranular and intragranular zones of calcite grains, (20X, single nicol).

single nicol Ccross nicols

Figure 3. 19 Thin section view of Pessinous quarrynarble (PM3U) showing biological

activity in intergranular and intragranular zones of calcite grains, (10X).
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3.1.3. SEM Analyses Coupled with EDX

The SEM analyses coupled with EDX were done on limestonk raarble
samples with biological patina, as well as on limestonesamdistone samples
with biological patina that were treated with lyophilized baatetiimestone
patinas treated with fresh bacteria were also analysed

The SEM images of limestone cross sections with biologiatiha showed that
there were severely deteriorated zones at the surfacer Ppps of the images
showed the biological patina and lower parts showed the detedostone (Fig 3.
20a, 3. 20b). The EDX analysis done at the patina revealedroads the main
element (Fig. 3. 20c). In the images organic structurthefpatina was clearly
visible (Fig. 3. 21, 3. 22). The EDX analysis done on sdvmarts of the patina
showed that in addition to the main element calcium there treres of Al and

Si elements indicating presence of clay minerals in bickbgiatina (Fig. 3.21b).
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Figure 3. 20 SEM view (a and b) and EDX analysis Yof Nemrut limestone with white
biological patina (NEL1U).
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Figure 3. 21 SEM view (a) and EDX analysis (b) of hite patina on Nemrut limestone
(NEL2Pw).

Figure 3. 22 SEM view of white patina on Nemrut linestone (NEL2Pw) showing organic

structures and biominerals.
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Lyophilized bacteria applied samples of Nemrut limestone haginally a
biofilm on the surface of about 0.2 mm thickness (Fig. 3. 2323b). The EDX
analysis of the biofilm has shown the presence of maimezié calcium with
varying amounts of Si, Mg, Na, Al, K and S (Fig. 3. 23¢)ese elements may be
related with the presence of clay minerals and the maétalppbducts of
organisms. Bacterial bodies with calcite formation wereeasy to detect o the

sample investigated (Fig. 3. 24).

Figure 3. 23 SEM view (a), (b) and EDX analysis (@)f patina formation after treatment.
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Figure 3. 24 SEM view of limestone surface treatedith lyophilized bacteria showing calcite

crytals.

In fresh bacteria applied samples of Nemrut limestonesgdéipth of penetration
for biological patina was about 0.5 mm before treatment.stéree was severely
deteriorated at the surface (Fig. 3. 25a, 3. 25b). The Bixysis showed that
the decay zones consisted of Ca and Si elements (Fig.)3.”25ce SEM views
of the samples from the surface, corpses of bacteria surcbunitle calcite

grains resulting from biomineralisation could be seen (Fig633. 27). Corpses

of B.cereusand calcite grains were quite visible (Fig. 3. 26).
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Figure 3. 25 SEM view (a), (b) and EDX analysis (©f lyophilized bacteria applied samples
of Nemrut limestone with biological patina (NEL2L).
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Figure 3. 26 SEM view of Nemrut limestone treated ith fresh bacteria (NEL2F) showing

the bacterial bodies surrounded with calcite grains

Figure 3. 27 Another SEM view of biological patineon Nemrut limestone treated with fresh

bacteria.
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The SEM views of Pessinous quarry marble showed that ifomaed of coarse
calcite grains (Fig. 3. 28). The intergranular and inaraglar detachments of
calcite grains were visible at surface (Fig. 3. 28). Fion of intergranular and
intragranular cracks and growth of microorganisms in thoseyddczones were
visible (Fig. 3. 29).

Figure 3. 28 SEM view of Pessinous quarry marble saple (PM3U) showing intergranular

and intragranular cracks
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Figure 3. 29 SEM view of Pessinous quarry marble saple (PM3U) showing biological

patina and deteriorated zones at the surface.

In the SEM view of Nemrut sandstone with no visible biolabgipatina, the
treatment with lyophilized bacteria did not reveal any r@wlogical patina
formation. However, presence of micritic calcite minevaés observed in SEM
view (Fig. 3. 30a). The EDX analysis of the lyophilizealteria treated surface
has shown the presence of Si, Mg, Al, Fe elements togettreCa (Fig. 3. 30b).
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Figure 3. 30 SEM view (a) and EDX analysis (b) of &mrut sandstone showing its elemental
composition.

3.2. Results of Biological Activity Analyses by FDA

Biological activity was examined by FDA treatment through cath¢ and
guantitative analyses. The fluorescence developed as a wdsuitological
activity after the FDA treatment of cross sections waserved under light
microscope with filter cube 13 (440-490 nm).

Quantitative analyses of biological activity were done bgtment of powdered
samples taken from the surface and inner parts of the atitimé=-DA solution.
The fluorescence at 492 nm was quantitatively evaluated. @héts of those

gualitative and quantitative analyses were summarized ifollog/ing sections.

3.2.1. Results of Qualitative FDA Analyses

Fluorescence developed by the treatment of Nemrut Mount Monument
limestones’ cross sections in FDA solution, showed that thé ddpienetration

of biological activity was up to 5 mm from the surface. Biatafactivity was
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detected around the microcracks towards the interior parte dftone as well as
in the interior cracks (Fig. 3. 32, 3. 33). Root-like structuhes to biological
activity became visible by fluorescence. The areas ofyhbmlogical activity at

the surface were highly fluorescent (Fig. 3Figlire 3. 3).

(@) (b)

Figure 3. 31 Cross section of limestone from NemruEast Terrace (NEL1U) showing

biological activity as fluorescent areas (a: 2.5X): 10X).
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Visible light Fluorescent light

Figure 3. 32 Cross section of limestone from NemruEast Terrace (NEL1U) showing the

interior cracks with biological activity under fluo rescent light (2.5X).

Figure 3. 33 Cross section of limestone from Eastefrace (NEL1U) showing biological

activity at the surface as highly fluorescent areé2.5X).
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Lyophilized bacteria were applied to several surfaces ofiniestone samples,
with no visible biological patina, and the samples weratda with FDA after 6

months. Lyophilized bacteria applied surfaces of those limesamples, with

no visible biological patina, showed low or no biological actidtythe surface

(Fig. 3. 34 — 3. 36). However, the untreated surface patteecdamples and the
interior parts were active zones of biodeterioration (Fig343.3. 35). Depth of
biological activity below the lyophilized bacteria appliedfaces was about 2
mm (Fig. 3. 34, 3.35). It showed that the lyophilized bagtstopped biological
activity up to 1 mm depth.

Visible light Fluorescent light

Figure 3. 34 Cross section of limestone from NemruEast Terrace (NEL4L) after the
treatment with lyophilized bacteria showing no biobgical activity at the surface but some

activity below the surface (2.5X).
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(a) (b)

Figure 3. 35 Cross section of limestone from NemruEast Terrace (NEL4L) partly treated
with lyophilized bacteria (white arrow: treated area, red arrow: untreated area), treated

areas showing no biological activity (2.5X).

Visible light Fluorescent light

Figure 3. 36 Cross section of limestone from NemruEast Terrace (NEL4L) showing no

biological activity at the lyophilized bacteria apgied surface (2.5X).
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Fresh bacteria applied limestone surfaces revealedidden¢sults to those of
lyophilized bacteria applied ones. Fresh bacteria appliedcssrfshowed low
biological activity in comparison to those of untreated ones @Fi®7, 3. 38).
Depth of biological activity on fresh bacteria treated sasiplere about 1 mm
below the surface (Fig. 3. 38). It showed that the fresh lactepped biological
activity up to 1 mm depth.

Figure 3. 37 Cross section of limestone from NemruEast Terrace (NEL4F) partly treated
with fresh bacteria (white arrow: treated part, red arrow: untreated part), treated areas
showing less biological activity (2.5X).
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Figure 3. 38 Cross section of limestone from NemruEast Terrace (NEL4F) partly treated
with fresh bacteria (white arrow: treated part, red arrow: untreated part), treated areas

showing no biological activity (2.5X).

The fluorescence of biological activity was efficientlyead#ed under fluorescent
light in marble samples. Examination of the marbles from siRess
Archaeological Site and Pessinous ancient quarry reveaedhih surfaces and
intergranular zones around the calcite particles had high bialaagtivity (Fig. 3.
39, 3. 42, 3. 43). The depth of biodeterioration was up to hamarble samples.
The biological activity was heavily formed around intergrantanes and

sometimes through the intragranular zones (Fig. 3. 40, 3. 41).
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Figure 3. 39 Cross section of marble from Pessinoascient quarry (PM1U) showing heavy

biological activity at the surface (2.5X).

Visible light Fluorescent light

Figure 3. 40 Cross section of marble from Pessinousncient quarry (PM1U) showing

biological activity at the surface and its penetrabn to the interior parts (2.5X).
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Visible light Fluorescent light

Figure 3. 41 Cross section of marble from Pessinousncient quarry (PM1U) showing

biological activity at the interior parts (2.5X).

(a) (b)

Figure 3. 42 Cross section of marble from Pessinowsrchaeological Site (PM2U) showing
biological activity at interior parts (a) and consilerable biological activity at the surface (b)
(2.5X).
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Figure 3. 43 Cross section of marble from Pessinowscient quarry (PM3U) showing high

biological activity at the surface and at the inteior parts (2.5X).

In marbles, lyophilized and fresh bacteria applied samples eshalgcreased
biological activity at the surface. The depth of biologicaivty dropped down
to 2 mm after the application of fresh and lyophilized bazt@¥ig. 3. 44, 3. 45).
Biological activity around the intergranular zones considerdblyreased after

the treatment with bacteria (Fig. 3. 45).
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Visible light Fluorescent light

Figure 3. 44 Cross section of marble from Pessinodschaeological Site (PM3L) the surface
treated with lyophilized bacteria showing lower bidogical activity at the surface in
comparison to untreated samples (2.5X).

Visible light Fluorescent light

Figure 3. 45 Cross section of marble from Pessinodgschaeological Site (PM3F) the surface

treated with fresh bacteria showing some biologicactivity at the interior parts (2.5X).
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The depth of biological activity in sandstones from Nemrut Mddohument
was up to 1 cm from the exterior surface. The activity kigk at the surface and
decreased through the interior parts (Fig. 3. 46). Sandstanislp treated with
lyophilized bacteria showed high biological activity at the emited areas
whereas, biological activity considerably decreased drélated areas (Fig.3. 47,
3. 48). However, biological activity was still visible beldhe surface treated
with lyophilized bacteria (Fig. 3. 49).

Figure 3. 46 Cross section of sandstone from Nemriast Terrace (NES1U) the surface

having considerable biological activity (2.5X).
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Visible light Fluorescent light

Figure 3. 47 Cross section of sandstone from Nemriast Terrace (NES1L) partly treated
with lyophilized bacteria the micrographs showing utreated areas with considerable

biological activity (2.5X).

Visible light Fluorescent light

Figure 3. 48 Cross section of sandstone from Nemritast Terrace (NES1L) partly treated

with lyophilized bacteria (white arrow: treated part, red arrow: untreated part), (2.5X).
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@) (b)

Figure 3. 49 Cross section of sandstone from Nemriast Terrace (NES1L) partly treated
with lyophilized bacteria (white arrow: treated part, red arrow: untreated part), treated

parts showing no biological activity (2.5X).

3.2.2. FDA Results in Spectrophotometric Measurements

Spectrophotometric measurements were done on limestones and sandktones
Nemrut Mount Monument and marbles of Pessinous Archaeologicl Bie
samples were prepared by powdering the cross sections cuttlierstone
surfaces, being slices of 2 mm thickness and 1 cm depthflibrescence of
those powdered samples and the powdered samples of biologiocal gaiaped
from the surface, were measured at 492 nm before and afteribbtreatments.

A standard curve was prepared with fluorescein solutions@tone having a
concentration range 1-5g/ml fluorescein (Fig. 3.50). Biological activity of the
samples was expressed a@sof fluorescein per gram of powdered sample (Table
3.1, 3.2). The fluorescence of the samples was calculatesidering their initial
weight.

It was seen that untreated limestone samples from Neviount Monument had
about 3.52 g fluorescein/g. The lyophilized bacteria treated sarhplé higher

biological activity (5.77 g fluorescein/g) in comparison to fresh bacteria treated
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sample (3.65 g fluorescein/g). The samples of Nemrut limestone withbig
biological patina had shown higher biological activity being inrtéimge of 10-15

g fluorescein/g. Marble samples had much higher biologicaditgdbeing in the
range of 10-22 g fluorescein/g. Whereas lyophilized and fresh bacterateide
samples showed decreased biological activity being imathge of 1.24-1.46¢g
fluorescein/g. Sandstone sample of Nemrut Mount Monument had lower

biological activity than limestone (2.8 fluorescein/g).

® O > 9 T T 0 un T >

Concentration of fluorescein (png/ml)

Figure 3. 50 Standard curve of concentration of flarescein vs. absorbance.
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Table 3. 1 Biological activity of patina samples deulated from standard curve and
converted to microgram of fluorescein per gram of ample.

Sample | Absorbancef Concentration (ppm) g fluorescein/g of Stone
NEL3Pg 1.379 7.82 10.25
NEL5Po 1.747 9.91 13.37

NEL6Pbk 11.26 15.39
* The data given corresponds to the average &zt two measurements.

Table 3. 2 Biological activity of stone samples aallated from standard curve and converted
to microgram of fluorescein per gram of sample.

. g
Sample Absorbance* Concentration fluorescein/g
(ppm)
of Stone
NEL1U** 0.083 0.47 3.52
NEL5L 0.136 0.77 5.77
NELSF 0.086 0.49 3.65
PM1U 0.519 2.95 22.06
PM2U 0.245 1.39 10.24
PM3U 0.241 1.37 10.24
PM4L** 0.035 0.19 1.46
PM4F** 0.029 0.16 1.20
NES1U 0.068 0.39 2.89

* The data given corresponds to the average &gt two measurements.

U: Untreated sample, L: Lyophilized bacteria treledample, F: Fresh bacteria treated sample

**The surfaces of the samples did not have visititdogical patina.
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3.3. Colorimetric Measurements Before and After Treatmetwith Bacteria

Colorimetric measurements of the samples were done on th@esabefore and
after the application of bacteria solution to the surfacBHse results of
measurements were given in Table 3.3. It was seenhtea®E€l and SCE data
expressed as L*a*b* values did not show significant changes ourcolue to
bacterial treatment. L* values of limestones changed by 3 p@iota 57 to 60)
before and after surface treatment with bacteria. L* wabfePessinous marbles
changed at most by 2 points (from 79 to 81) before and afterceuri@atment

with bacteria.

Table 3. 3 Colourimetric results of Nemrut limestore and Pessinous marble samples before

and after bacteria treatment (fresh and lyophilized.

SCI Data SCE Data
Type of
<t Sample
one L*(D65) | a*(D65) | b*(D65) | L*(D65) | a*(D65)| b*(D65)
Untreated| 56.86 6.99 19.47 57.02 6.97 19,37
Nemrut
Fresh 59.46 6.85 19.07 59.5D 6.8b 19.08
Limestone
Lyophilised| 58.40 5.43 16.47 58.4(Q 5.43 16.46
Untreated| 80.16 0.53 5.61 80.28 0.56 5.61
Pessinous
Fresh 80.58 -0.31 7.56 80.49 -0.28 7.56
Marble
Lyophilised| 78.73 -0.42 8.93 78.69 -0.39 8.91
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CHAPTER 4

DISCUSSION OF EXPERIMENTAL RESULTS

In this chapter, the experimental results that were odddry the examination of
representative samples from Nemrut Mount Monument and Pessinous
Archaeological Site were discussed in terms of changewineralogical and
petrographical characteristics of stone by biodeterioration, &islyses adapted

as a method to study biodeterioration in historic stones, eiaiuaif
biodeterioration determined by FDA treatment and evaluation of

biomineralisation treatment wit.cereusn lyophilized and fresh forms.

4.1. Changes in Mineralogical and Petrographical Characteristicef Stone

by Biodeterioration

The petrographic analyses carried out on thin sections, XRdlyses of

powdered samples and SEM-EDX analyses revealed that Ndimegtones
were composed of micritic calcite with fossil remains (F3gl, 3.13, 3.20).
Biological patina formation on the surface was discontinuous anthittkness
was about 2 mm (Fig. 3.14). Biodeterioration zone detectdun@stones had a
thickness up to 4 mm starting from the surface spreading totérior parts (Fig.
3.15, 3.20a, 3.20b). Compact structure of limestone composed mtiavgalcite

was deteriorated as a result of biological activity atdites where biological
patina was attached with the stone surface (Fig. 3.16,,3320@b). Biomineral
formations were seen at the XRD patterns and SEM-EDX seslpf patinas
(Fig. 3.2-3.7, 3.21a, 3.22). XRD patterns of patinas shovned peaks of

biominerals such as calcium oxalates: wedellite and whegebihd minor
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minerals being quartz, dolomite, clay minerals, and amorphaysiherals (Fig.
3.2-3.7). The organic structural features of biological padind biominerals were
visible in SEM images (Fig. 3.20, 3.22). The EDX anadys# patina on
limestone showed Si and Al elements indicating the presendayfminerals in
the biological patina (Fig. 3.21b). Presence of dolomite in wduteured patina
might be resulted from either its in situ recrystation during biodeterioration
or simply a contamination through the deposition of clays fimenenvironment
(Fig. 3.2). Clay minerals found in all the biological pasnwere thought to be
deposited from environment. However, the presence of amorphousrsitieeals
(Opal A) and amorphous clay minerals in the patina indicat@dhsibility that
they might be the products of biodeterioration (Fig. 3.3, 3.8). However,
further experimental evidence is needed for its clarificauch as the analyses
of environmental clay minerals in the nearby soils.

XRD analyses, thin sections examination and SEM-EDX aralpf Pessinous
marbles revealed that they were composed of heterabtastured calcite grains
with twins (Fig. 3.9, 3.17, 3.28). Variable amounts of doleneixisted as minor
mineral in their composition (Fig. 3.9). Biological actyvivas visible especially
in intergranular zones and exposed surfaces where wedellitgufcaoxalate
mineral) was found as seen in XRD patterns (Fig. 3.97-3.19, and 3.28).
Intergranular zones around the coarse grains of calcite wgpesed to the
biodeterioration agents. The penetration of biological agtivitas visible
approximately up to 5 mm from the surface of the marble. Raostructures of
biological growth and colour changes were visible in thin sect{fits 3.17,
3.29). In the biological patina of Pessinous marbles the XR[2rpatrevealed
the presence of dolomite, wedellite and quartz along with the oczmponent
calcite (Fig. 3.10). The biomineral wedellite was fornisd microorganisms
acting upon the calcite minerals. Dolomite found at the biodet#ion zone
might be either in the composition of the stone or was ridliged in the
biodeterioration zone.

XRD patterns and SEM-EDX analysis revealed that sandstame Kemrut

Mount Monument was composed of quartz, feldspars, calcite ant ama@unt
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of clay minerals being mostly kaolinite (Fig. 3.12, 3.30b). &hress of calcite
grains along with other mineral phases were visible on SEMemé3.30a). Si,
Ca, Fe, Mg, Al, and S were the elements detectedeobititeterioration zone at
the surface indicating the main minerals of the storg @BO0b). The presence of
iron oxides at the surface seemed to be the reason of cobmgecht the exposed
surfaces of sandstones due to the migration of those rsirieyen interior parts
to the surface.

4.2. FDA Analyses Adapted as a Method to Study Biodeteriorat in

Historic Stones

The method used in this study was adapted from literatureollpwing the
studies about the development of this method and the researuhd tohe
optimum conditions for its application (Adam and Duncan, 2001; Ge¢exh,
2006). The method of FDA hydrolysis was simple, rapid and sessitv
detecting microbial activity in both soil and pure cultures @Adand Duncan,
2001). In the years 2000 the FDA hydrolysis method used by Shniider a
Rosswall (1980) was optimized with respect to the temperande time of
incubation during hydrolysis with FDA as well as the optimum pkhefbuffer
solution by Adam and Duncan (2001) and Greeal. (2006).

In this study FDA method was adapted as a qualitative metirodetection of
biological activity through the structure of stone by stainimgdross sections of
the samples. The solution prepared for the quantitative meaeoi® of
fluorescence by spectrophotometry was used as a staining satutienapplied
to cross sections of the historic stone samples. Fluoresdevedoped on the
cross section surfaces was examined under light microscopeextérnal light

source for fluorescence excitation under blue filter (450-490 nm).

In this study, the method was also applied to powdered stonglesaimaving

biological patina for quantification of the microbial biomass thioug
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spectrophotometric measurements of fluorescence as descnib€Hapter 2,
Section 2.4.

Both qualitative and quantitative application of FDA to hist@tione samples
proved to be useful methods for the examination of biologicaligcin historic

stones as discussed in more detail in the following section.

4.3 Evaluation of Biodeterioration Determined by FDA Hydrolysis

FDA hydrolysis was adapted as a qualitative and quantitatiethod for the
analyses of biological activity on historic stone samples.

Evaluation of the qualitative analysis results done on crostsoss of stone
samples had shown the thickness and the depth of biologicatyackhe depth
of biological activity was up to 5 mm from the surface aéniNut Mount
limestone samples (Fig. 3.32). Biological activity that cowdtibe detected under
visible light was efficiently detected by this method. Bidbadjactivity was quiet
dense around the microcracks and at the interior parts ofdhe &fig. 3.33).
Root-like structures of biological deterioration agents westbhd with FDA
treatment. Those structures penetrated to about 0.2 mmidapthe stone (Fig.
3.31). It was seen that there were heavily populated afdmslogical activity on
Nemrut limestones (Fig. 3.31-3.33).

FDA staining on the cross sections of Pessinous marble sasyggorted the
thin section images showing the biological activity around indengar and
intragranular zones of calcite grains (Fig. 3.17-3.19, 3.32, 3.43). Biological
activity reached up to 1 cm thickness from surface sprealdinggh the interior
parts. Heavy biological activity was detected in magdaleples especially around
intragranular zones in areas close to the surface (Fig. 341D).

The results of sandstones stained with FDA revealed thateghin of biological
activity in sandstones from Nemrut Mount Monument was up to fram the
exterior surface. The activity was high at the surfacedewleased through the

interior parts (Fig. 3.46).
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The results obtained from the FDA staining of cross sectiorealed that in
Pessinous marbles the biological activity had spread more aratrged to
deeper parts of the stone up to 1 cm depth in comparisNeertout limestones
where the penetration of biological activity was restri¢tethe microcracks and
the average depth of biological activity was about 5 mng.(Bi32, 3.40).
Although few samples of sandstones from Nemrut Mount were exantmed,
results have shown that biological activity penetrated tqeteparts of the

sandstones in comparison to Nemrut Mount limestones (Fig. 332, 3.46).

Quantification of biological activity in other words the micmbbiomass by
using FDA hydrolysis was done on Nemrut limestones, Pessinoudesiand
Nemrut sandstones. Evaluation of the results of spectrophotometric
measurements was compared with the results based omismibial activity.
According to Adam and Duncan (2001), 04 fluorescein/g of soil represented
low microbial activity, 1.1 g fluorescein/g of soil represented intermediate
microbial activity and above 2g fluorescein/g of soil represented the high
microbial activity (Adam and Duncan, 2001). According to Diackl &tott
(2001) the microbial activity was in the range of 83-898g for good agricultural
soil where microbial biomass C was in the range of 614-800 nuaf/lspil. In
studies of Greeet al. (2006) the mean value ofy fluorescein/g of soil was in
range of 66-226 the values being higher for soils with highgrodatent.

The results of biological activity expressed asfluorescein/g of sample were
given in Table 3.1. Samples represented the biologiealiye zones of Nemrut
limestones, Pessinous marbles and Nemrut sandstones. Mostesanwgre
prepared by powdering the cross sections cut from the stoneesubf@ing slices
of 2 mm thickness and 1 cm depth if not indicated otherwise.

In Nemrut limestones, biological activity was 3.58 fluorescein/g of stone.
Measurements of biological activity in the powder scrapeenfthe visible
biological patinas alone were in the range of 10-@&luorescein/g of patina in
Nemrut limestones (Table 3.2).

The biological activity measured at Pessinous marbles westggh being in the

range of 10-22 g fluorescein/g of stone. The Pessinous quarry marble slice
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(PM1U) with the value of 22.06g fluorescein/g of stone had a thick biological
patina formation on the surface that may have contributed teehigalue of
biological activity.

Nemrut sandstone had a biological activity value of 2@#uorescein/g of stone
on its surface.

Pessinous marbles had the highest biological activity in cosgratdo Nemrut
limestones and sandstones. The higher biodeterioration oke#snBus marbles
was also detected in thin sections and FDA analysis o aagions (Fig. 3.15,
3.17). Quantitative analysis with FDA had shown that Nemrwtdione samples
had higher values of biological activity in comparison to Ngmsandstones. On
the other hand the FDA staining of the samples showed deepetrgi®mn of
biological activity in sandstones and fluorescence developdtioross sections
of those samples were more intense than Nemrut limestone® f@sedts might
be due to the following reasons: it was not possible to dajtiaditative and
guantitative analyses in the same sample and biodeterioraies not
homogeneously distributed in the stones. Therefore, more ppcstification
of biological activity is needed to be done on quite a numbsamples.

When the FDA hydrolysis results of this study were compai#dthe values of
soil microbial activity found in literature, variable commeantsild be made. If
compared with the results of Adam and Duncan (2001) all the stonples and
biological patinas showed high microbial activity. However,daluation of the
results with respect to the studies of Diack and Stott (286d) Greeret al.
(2006) showed that the microbial activity on samples were quite the
maximum amount found on historic stones showing about 1/3 of microbial
activity found in high quality agricultural soil. In any caseas seen that surface

deterioration of historic stones included high biological @gtiv
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4.4. Evaluation of Biomineralisation Treatment withB.cereusin Lyophilized

and Fresh Forms

The evaluation of the biomineralisation treatment was basedh®nresults
derived from XRD, SEM-EDX, FDA and colourimetric analyses

XRD patterns of Nemrut limestone samples that were tteaitd lyophilized or
fresh bacteria showed only calcite peaks (Fig. 3.8). Theegee not any
biomineral formations after bacterial treatment of Nemrutedtones. SEM
images of the lyophilized and fresh bacteria treated sample®Nemrut
limestones revealed the bacterial corpses surrounded byecpéuticles (Fig.
3.24, 3.26). Qualitative evaluation of FDA hydrolysis of tedalimestones from
Nemrut Mount showed that the biological activity at the surfeae decreased in
parts treated with bacteria (Fig. 3.35-3.38). However, thsultse from
guantitative FDA analysis showed that the biological agtiviicreased after
biomineralisation treatment (Table 3.1). The values of bioctbgictivity went up
to 5.77 g fluorescein/g of stone for lyophilized bacteria and to 3.65
fluorescein/g of stone for fresh bacteria. The incredmseldgical activity found
in the samples might have resulted from heterogeneous biolggitah on the
samples.

Regarding the colour change in Nemrut limestones by bacteriemée L*
values have differed from 57 to 59 in untreated and fresietia applied
samples, while the difference was from 57 to 58 in untdeated lyophilized
bacteria applied samples (Table 3.3). Those changes in coltuesveere
insignificant.

Pessinous marbles treated with lyophilized and fresh bastesiaed only calcite
minerals in XRD patterns showing no biominerals (Fig. 3.1DA Fstaining
applied on cross sections of Pessinous marbles revealed tkatfdme treatment
decreased the biological activity both at the surfaceaatite interior parts of the
marbles (Fig. 3.44, 3.45). Quantitative FDA hydrolysis eS$Mhous marbles
supported that the microbial activity of the stone was dealeadter

biomineralisation application (Table 3.1). The microbial atstivalues decreased
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from 10-22 g fluorescein/g of stone to 1.46y fluorescein/g of stone with
lyophilized bacteria, and to 1.2Qy fluorescein/g of stone with fresh bacteria
application (Table 3.1).

Regarding the colour changes of Pessinous marbles L* valuesalm@rst same
(being about 80) with fresh bacteria application, while L*dme 79 with
lyophilized bacteria application. Colour measurements had shown niha
significant change occurred with bacterial treatment ablaasamples.

The qualitative results of FDA staining on Nemrut sandstondsshawn that
after lyophilized bacteria application the microbial acyivitonsiderably
decreased (Fig.3.46-3.48).

It was concluded that bacteria treatment could control bicdbgictivity on the

surface of historic stones where biodeterioration was in deregble amounts.
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CHAPTER 5

CONCLUSION

In this study, historic limestones, marbles and sandstones imeatghospheric
conditions since about 2000 years had been investigated for their itablog
deterioration. There were visually detectable biodeteriorationmonumental
stones in the forms of colour change, patina formationchetants, fissures and
cracks. Biofilms (patina) formation seemed to be discontinuossome surfaces;
in fact on some stone surfaces no biofiim was visually telecThe
biodeterioration was examined using different analytical techsicuueh as:
XRD, light microscopy, SEM-EDX analyses, FDA hydrolysis adbrimetric

measurements. The conclusions obtained from the resultsrarelglow.

Nemrut limestones were composed of micritic calcite wibssil remains.
Biological patina formation on the surface was discontinuous anthitkness
was about 2 mm. On the deteriorated surfaces, biomineralslliteedehewellite,
and minor minerals being quartz, dolomite, clay minerals,aandrphous clay
minerals were found. Biological patina that was visualgtedted on some
samples signified deeper biological deterioration belowFRA staining had
clearly shown that the biological activity has penetrabedugh the microcracks
to the interior parts of the stone. Biological activity résiilin deterioration of
stone by physical and chemical mechanisms. Quantitativetsebyl FDA
hydrolysis indicated that the level of biological activity Nemrut limestones
were comparable with the soils having intermediate or Idevahial activity.
Pessinous marbles were composed of heteroblastic texturee cakmins with

twins. Variable amounts of dolomite existed as minor minemaltheir
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composition. Small amounts of dolomite were found at the detedorabnes
together with wedellite and quartz minerals. Biological nmafiormation on the
surface was discontinuous. The thickness of the heavily broofeted zone
could be up to 1 cm below the surface. FDA staining had clsadwn that the
biological activity was high at intergranular and intragranwdanes around
calcite minerals. Quantitative results of FDA hydrddysad showed that the level
of biological activity in Pessinous marbles were very highpamable with soils
having high microbial activity.

Nemrut sandstones were mainly composed of quartz, feldsparsigmdmall
amounts of calcite, and clay mineral kaolinite. Depth ofodgical activity in
sandstones having black biological patina was up to 1 cm fhemsarface.
Quantitative FDA analysis had shown that biodeterioratedrdagt sandstone
had low or intermediate biological activity comparable wittilss of low
microbial activity. No biominerals were detected on sandstone

This study has proved that qualitative and quantitative useD#f I¥ydrolysis
method was an efficient method for the evaluation of theebévration in
historic stones.

Finally, it can be concluded that biodeterioration of thostiiisstones can be
taken under control with the help of biomineralisation itbereusIt caused no
colour changes in historic stones. However, its side effests to be examined.
The soluble salts in the nutritive solution need to be cleanieel efficiency of

cleaning has to be verified.

Further studies are needed to verify the quantitativeiefity of FDA hydrolysis
method as a tool to detect total microbial activity. Otheantitative methods
such as the evaluation of biodeterioration with the detetiamaf chlorophylls,

and its comparison with FDA hydrolysis need to be done. It sebhat further
studies such as the determination of the rate of biologleahy on stone
monuments with respect to time, space and environmental conddsonde

carried out by FDA analyses.
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APPENDIX A

NEMRUT MOUNT MONUMENT

Figure Al. 1 Topographic view of Mount Nemrut
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Figure Al. 2 Statues of Mount Nemrut
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APPENDIX B

PESSINOUS ARCHAEOLOGICAL SITE

Figure A2. 1 View of Pessinous Archaelogical site

118



Figure A2. 2 Scheme of Pessinous Archaelogical site
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