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a b s t r a c t 

In this research, calcium hydroxide nanoparticles, as a carbonate consolidation method, have been evalu- 

ated on carbonated fossil bone samples from decontextualized Cheirogaster richardi specimens’ fragments. 

The main objective was to assess whether the treatment improved fossil bone surface cohesion and 

mechanical strength by creating a consolidated carbonate matrix in fossil substrate. Treatment penetra- 

tion capacity and chemical compatibility without causing observable alterations in substrate porosity and 

external appearance were considered as significant questions to be assessed. Samples were analysed both 

before and after treatment using scanning electron microscopy, spectrophotometry, weight measurement 

control, water absorption assessment, conductivity and pH measurement, Vickers microindentation and 

tape testing. During analysis and evaluation, changes in fossil bone after treatment compared to its orig- 

inal condition have been taken into account. 

Results point out that hardness and cohesion increased significantly after treatment, bonding together 

disaggregated particles via a calcium carbonate micrometric layer, with almost negligible changes in sur- 

face topography and colour. In addition, calcium hydroxide nanoparticles penetration depth was remark- 

able. Conductivity, pH and weight hardly changed and porosity reduction was observed without complete 

pore blockage. To sum up, the treatment was effective and suitable for carbonate fossil bones having a 

highly compatibility with carbonate fossil bones substrates. 

© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Palaeontological fossil bone heritage comprises preserved re- 

ains of ancient specimens, in particular their bones, which have 

n important scientific and cultural significance. Thus, as heritage 

bjects, their conservation must be ensured. Fossil bone frequently 

ndergoes degradation during the taphonomic processes, favouring 

heir original mechanical properties to be altered. Though initial 

aphonomic changes are induced by bone mineralogy together 
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ith bacteria during the organism’s putrefaction, most important 

aphonomic changes are driven by soil microbiota and other 

actors related to burial, such as soil composition, hydrology and 

H [ 1–6 ]. Collagen damage leads to a change in mineral network 

istribution and an increase in porosity [ 7 ]. In addition, inorganic 

raction degradation can be produced by dissolution, mineral 

eaching, ion exchange and mineral transformation [ 3 ]. Thus, both 

rganic and inorganic changes cause loss of material and cohesion, 

esulting in brittle, delaminated and pulverised bones [ 8 ]. In some 

ases, empty spaces left by the organic matter decomposition 

an be filled over millions of years by precipitated minerals from 

urrounding sediments and water [ 3 ] and by bacterial mineral 

eoformation, in a propitious combination of microbial, sedimen- 

ological and geochemical conditions [ 9–14 ]. This is one of the key 
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echanisms leading to the fossilisation of bones [ 4 ]. In such cases, 

atural preservation may take place either as mineralized fossils 

r other stable biomaterials [ 8 ]. Nevertheless, although bones 

ay have been permineralised during fossilisation processes, their 

onservation condition can be very variable, because during burial, 

ossil bones continue to demineralise altering their mechanical 

roperties. So, in cases where fossil remains present pulverulence, 

oss of cohesion, delamination or general fragility, consolidation 

ay be necessary. 

Since the 19th century, consolidation of palaeontological bone 

eritage has been performed by hardening products such as waxes, 

dhesives and resins [ 15–17 ]. From the mid-20th century on- 

ards, fossil bone consolidation consists of polymer impregna- 

ion, mainly acrylic resins [ 18–23 ]. These impregnations aim to 

mprove hardness and to preserve fossil morphology facilitating 

aphonomic, taxonomic, histopathological and histomorphometric 

esearch [ 19 , 24 ]. Although polymers achieve an effective reinforce- 

ent, they provoke appearance changes and can interfere in fu- 

ure analysis [ 19 , 25 , 26 ]. Polymeric resins can also increase fossil

eight, induce chemical changes and generate film surface forma- 

ion, thus causing possible disruption and delamination, clogging 

ores [ 27 ] and altering water-gas behaviour [ 28–31 ]. For all these

easons, more compatible alternatives should be investigated. 

Aiming at such compatibility, it is necessary to understand the 

omposition of the fossil bones to be treated. Fossil bones are 

ainly composed of 60–70 wt% mineral fraction, primarily hy- 

roxyapatite (Ca5 (PO4 )3–x (CO3 )x OHx + 1 ) [ 30 , 32 ]. Therefore, for their 

hysicochemical affinity with mineral substrates, inorganic consol- 

dants would be preferable to the organic ones, as resins [ 33 ]. In

his respect, the synthesis of hydroxyapatite has been applied re- 

ently on archaeological non-fossilised bone [ 30 , 34–37 ]. But when 

he bones are fossilised, the composition may have changed due to 

ermineralisation. Thus, as a substantial part of fossil bone her- 

tage has been permineralized by calcium carbonate [ 3 , 38 , 39 ] a

onvenient method to consolidate fossil bone remains could be the 

n-situ growth of CaCO3 crystals [ 40 ]. 

This research focus on a calcium carbonate induction method- 

logy: consolidation by means of calcium hydroxide nanoparticles. 

he Ca(OH)2 nanoparticles react with environmental CO2 generat- 

ng calcium carbonate crystals of calcite and aragonite [ 40 ]. This 

omposition is highly related and compatible with carbonate fos- 

ils, so it could also be a suitable and effective consolidation treat- 

ent. 

Nanolime is a commercial product developed from the tradi- 

ional lime water but incorporating an important modification: the 

anometric size of its particles. On a nanometric scale, there is a 

reater specific area providing the capacity to obtain better results 

n consolidation processes [ 41 , 42 ]. Nanotechnology has also solved 

ther drawbacks of micrometric calcium hydroxide, such as its in- 

omplete transformation into CaCO3 and its poor penetrability. In 

ddition, nanolime is generally applied dispersed in solvents, thus 

voiding the large humidity contribution generated with lime wa- 

er treatment [ 43 ]. 

Nanomaterials research applied to heritage conservation began 

n Italy in the late 1990s, when Rodorico Giorgi, Piero Baglioni and 

uigi Dei investigated the stable suspension of calcium hydroxide 

n aliphatic alcohol for consolidating wall paintings [ 44 , 45 ]. The 

echnique developed and improved from this point onwards and 

egan to be widely used in heritage conservation. Over the last 

wenty years nanolimes have been studied for consolidating lime- 

tone, wall paintings, lime mortars and plasters [ 46–51 ] and in re- 

ent years, in archaeological [ 40 , 52–54 ] and palaeontological fossil 

one [ 55 , 56 ]. 

Because of the good results reported in the recent literature and 

he high compatibility with the fossilised bone, nanolime consoli- 

ation is tested in this study. 
20
The main objective of this research is to determine the treat- 

ent capacity for creating a consolidating carbonate matrix in 

ossil bone porous structure, taking into account chemical com- 

atibility, penetration capacity, applicability and treatment via- 

ility. Hardness improvements and cohesion must also be ascer- 

ained without inducing noticeable appearance and physicochemi- 

al changes on fossil samples. 

. Research aim 

The research aim is to provide a compatible alternative for the 

onsolidation of fossil bone heritage, usually treated by means of 

ynthetic polymers. For this purpose, in this study nanolime con- 

olidation methodology based on the induction of calcium hydrox- 

de nanoparticles in the bone substrate is tested. The use of nano- 

ime based products on cultural heritage, although it has been ex- 

lored in a variety of carbonate materials, is still understudied 

n palaeontological fossil bone, relying on very scarce studies. For 

his reason, nanolime consolidation is evaluated in this research to 

etermine whether it can mainly improve fossil surface cohesion 

nd mechanical strength, including other important issues such as 

reatment penetration and chemical and appearance compatibility. 

. Materials and methods 

.1. Fossil samples preparation 

Eighteen fossil samples from a Miocene Cheirogaster richardi gi- 

nt tortoise plastron were prepared for the tests: nine for nanolime 

onsolidation and nine as control samples. 

The fossil bone involved was discovered in 2009 in Ecoparc de 

an Mata site (els Hostalets de Pierola, Catalonia, Spain) among 

wo hundred more Cheirogaster richardi remains [ 57 ]. The palaeon- 

ological context of the finding corresponds to the Late Miocene 

eriod (MN9, early Vallesian) with an estimated age of 11 to 10.5 

illion years [ 58 , 59 ]. Sedimentary sequences consist of red mud- 

tones, conglomerates, sedimentary breccias and sandstones de- 

osited in the marginal areas located between two major merging 

lluvial cone systems [ 59 ]. Fossil selection was based on its degree 

f carbonation (from XRD and SEM analysis) and surface degrada- 

ion. Plastron surface was selected for its homogeneous character- 

stics and thickness. 

Fossil samples were cut into 2 × 2 × 1 cm [ 60 ]. Size and num-

er of samples were both justified by the total fossil fragment di- 

ension that could be used for this research. Although fossil was 

econtextualized, it was not reasonable to sacrifice a large frag- 

ent considering its heritage significance. 

.2. Calcium hydroxide nanoparticles 

Nanorestore® calcium hydroxide nanoparticles colloidal dis- 

ersion was used for the experiments. This commercial consoli- 

ant product, created by the Center for Colloid and Surface Sci- 

nce of the University of Florence, is bottom-up type. Bottom Up 

ethod synthesises nanoparticles by growing crystals from liquid 

r vapour phase solutions, such as the sol-gel, laser or pyrolysis 

praying methods [ 43 , 45 ]. Nanorestore® was provided in specific 

anoparticles concentration of 5 g/L dispersed in isopropanol, with 

 particle size of 10 0–30 0 nm [ 61 ]. 

.3. Consolidation tests 

Calcium hydroxide nanoparticle dispersion was applied by drip- 

ing until surface saturation on nine samples [ Fig. 1 a]. Seven ap- 

lications were performed until the complete absorption of the 

anorestore® dispersion in each repetition before continuing with 
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Fig. 1. Experimental consolidation procedure images. (a) Calcium hydroxide nanoparticles dripping consolidation. (b) Cellulose pulp coating after nanolime dripping consol- 

idation. 
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he next application. Then, samples were covered with japanese 

engujo paper (3,5 g/m2 ), cellulose pulp slightly moistened with 

emineralized water [ 62 ] [ Fig. 1 b] and polyethylene film. The last

rocedure was used to prevent a rapid isopropanol evaporation 

hich would drag nanoparticles to the surface of the samples in- 

erfering with the penetration and the consolidation process [ 63 ]. 

fter seven days, the paper pulp gauze was removed and the sam- 

les were allowed to cure for 90 days what is the estimated time 

or carbonation to be completed [ 40 , 64 ] in a controlled environ-

ent of 22 °C and a relative humidity of 55%. 

.4. SEM analysis 

Four unprocessed control samples were analysed by scanning 

lectron microscopy (SEM FEI QUANTA 200 EDAX) in order to de- 

ermine fossil original morphology and composition. Two of these 

amples were analysed to observe the surfaces and two to examine 

he internal perpendicular sections. 

Consolidation penetration depth and textural and compositional 

hanges were analysed in the nine treated samples. All the samples 

ere resin mounted and analysed with Backscattered Electron Im- 

ge (BEI) and Secondary Electron Image (SEI). Spot microanalyses 

ere carried out for major element identification with EDX X-ray 

etector. 

Nine measurements per sample were performed to evaluate the 

hickness of the newformed layer after consolidation treatment. 

tandard deviations and arithmetic means were also calculated. 

.5. Powder X-ray diffraction analysis 

Powder X-ray Diffraction (PXRD) analysis was conducted to de- 

ermine crystalline phases on fossil original samples and newly- 

ormed material on treated samples after consolidation. Three un- 

reated and three treated samples were analysed using a PANalyt- 

cal X’Pert diffractometer with PIXcel1D detector. Cu K α radiation 

 λ= 1.5419 Å) was used and the powder patterns were measured 

n the range 5–60 ° 2 θ . Crystalline phases identification was per- 

ormed by comparison with Powder Diffraction File patterns us- 

ng HighScorePlus software. In addition, an estimate of calcite and 

ydroxyapaptite relative mass fractions was calculated using RIR 

alues with PDF patterns (01-086-0740 for hydroxyapatite and 01- 

72-1652 for calcite). 

.6. Phenolphthalein test 

To corroborate calcium hydroxide penetration depth in nano- 

ime consolidated samples, phenolphthalein test was performed 
21
 54 , 63 , 65 ] on three samples. Phenolphthalein is a pH indicator,

o it turns to fuchsia in contact with calcium hydroxide due to 

ts basic pH, when higher than 9.8, and it remains uncoloured 

elow pH 8.2 [ 63 ]. Four drops of 1% phenolphthalein in ethanol 

ere applied on samples perpendicular sections 24 h after calcium 

ydroxide nanoparticles application. Arithmetic averages and stan- 

ard deviations were also calculated by taking nine measurements 

er sample. 

.7. Conductivity and pH analysis 

Sample surfaces conductivity and pH were analysed using 5% 

ow electroendosmosis pure agarose in distilled water discs [ 66 ]. 

garose discs were placed on all sample surfaces for 20 min and 

ubsequently examined using a PCE®-228S ERH-115 surface pH 

eter and a Horiba Laquatwin® solid conductivity meter. 

For each sample, three measurements were acquired before and 

fter consolidation experiment to analyse possible conductivity and 

H variations. Subsequently, standard deviation and arithmetic av- 

rages were calculated. Pre-treatment data are necessary to en- 

ure a fossil-safe consolidation. Consolidation solutions should be 

lightly alkaline pH above neutral and isotonic conductivity to pre- 

ent calcium phosphate and calcium carbonate solubility damage. 

.8. Drop absorption analysis 

Changes in hydric properties were assessed by drop absorp- 

ion analysis in the nine samples. In addition, accessible porosity 

hanges and pore clogging can be also evaluated (indirectly) with 

his analysis. A 100 μl water drop was dispensed onto all samples 

rom a 1 cm distance, and the total absorption time was recorded 

sing a chronometer before and after consolidation [ 67 ]. 

Nine replicates were conducted on each individual sample. Sub- 

equently, the samples were dried for 48 h at 50 °C before each 

epetition, in order to reach consistent absorption conditions every 

ime. Standard deviation and arithmetic averages were calculated 

or statistical data processing. 

.9. Spectrophotometry analysis 

All nine samples were evaluated before and after consolida- 

ion test to analyse potential colour changes caused by the treat- 

ent. Spectrophotometry analysis was performed with a Konica 

inolta® CM 2600d spectrophotometer and SCI-CIELAB L∗a∗b∗ co- 

rdinates. Data were taken with 10 ° observer angle, specular com- 

onent included, Ø 8 mm mask and D65 illuminance. Three mea- 

urements per sample were performed on three specified areas 
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epresenting the complete analysis of the samples’ surface. Delta 

oordinates, arithmetic average and standard deviation were com- 

uted ( �L∗, �a∗, �b∗ and �E∗ = [ �L∗2 + �a∗2 + �b∗2 ]1/2). 

Colour change tolerance index was established at �E∗= 5, des- 

gnating the threshold at which it begins to be perceptible to the 

uman eye [ 68–70 ]. 

.10. Weight increase analysis 

All samples were weighed both prior and after consolidation to 

nalyse potential weight changes. Three replicates per sample were 

erformed, arithmetic averages and standard deviation were calcu- 

ated. Weight increase was calculated by subtracting average initial 

eight from average final weight in all samples at the end of the 

reatment using a Sartorius® Basic precision scale of 0.0 0 01 g sen- 

itivity. 

.11. Vickers microindentation hardness analysis 

Control and consolidated samples surface hardness was evalu- 

ted by Vickers microindentation analysis [ 40 ] using a microinden- 

er Galileo® ISOSCAN OD. Vickers hardness was performed on the 

ine consolidated samples and also on four untreated control sam- 

les to establish the initial values before consolidation. Microin- 

entation cannot be executed both before and after treatment on 

he same samples as they would be rendered unusable before con- 

olidation experiment. 9.807 mN (1-g force) were applied on five 

ifferent and stipulated areas in each sample. To determine Vick- 

rs hardness average per sample, arithmetic averages were calcu- 

ated. Standard deviation was also calculated for statistical evalua- 

ion. Hardness results were expressed in kg/mm2 . 

.12. Disaggregation tape test 

The disaggregation of fossil bone surface samples was analysed 

efore and after the experiments to determine the degree of sur- 

ace consolidation achieved. Adhesive tape strips with same weight 

nd size were placed on sample surfaces [ 71 , 72 ]. Then the strips

ere removed and weighed on a 0.0 0 01 g sensitivity Sartorius®

asic precision scale. Weight differences correlates to detached fos- 

il particles so this analysis can corroborate if consolidation treat- 

ent improves surface cohesion. Only one tape test per sample 

as performed because a substantial quantity of particles can be 

emoved in just one test and additional repetitions could result in 

he removal of a part of the modified layer, which is essential for 

his research. 

. Results and discussion 

.1. SEM analysis 

Untreated samples showed a dense structure with weakly con- 

ected pores in section [ Fig. 2 a]. On surface, typical fossil topog- 

aphy of calcium phosphate crystals (hydroxyapatite), fundamen- 

al component of bone remains, can be appreciated [ Fig. 2 b]. No 

urface layers were observed and fossil surface appears slightly al- 

ered in section [ Fig. 2 a]. 

EDX spectrum shows, both on surface and inside the samples, 

hosphorus, calcium and carbon [ Fig. 2 c], related to common hy- 

roxyapatite laminar bone [ 73 ] and thus to the original fossil car- 

onated calcium phosphate. 

After treatment, induced deposition of calcium carbonate was 

bserved in all samples, with textural and compositional changes 

nd different depths of penetration. A thin new layer could be ob- 

erved above the fossil surface [ Fig. 3 a]. This layer ranged from 8
22
o 10 μm with an average of 9.13 μm and a standard deviation of 

.76 μm in all nanolime consolidated samples. 

It is usual that some of the nanoparticles migrate to the surface 

uring the solvent evaporation [ 63 , 74 ]. The methodology applied 

n this study by covering the samples and environmental control 

as managed to minimise this surface layer while favouring bet- 

er penetration [ 62 ], aspects that are interrelated [ 63 ]. The new

ifferentiated material was very compact, had a different density 

nd did not appear in control untreated samples. This new mate- 

ial also filled cracks and fossil substrate [ Fig. 3 a-b], up to a maxi-

um of two millimetres. These data could be contrasted by means 

f phenolphthalein selective staining test [ Fig. 5 ]. In both cases, a 

ery regular nanolime penetration depth of almost 2 mm was ob- 

erved in all samples (see phenolphthalein test section below). In 

his case, nanolime adequately penetrates the substrate because of 

he nanometric size of the Ca(OH)2 [ 75 ] and the applying proce- 

ure which includes the cellulose pulp and polyethylene film cov- 

rage [ 62 ]. 

In the zoomed image [ Fig. 3 b] it can be seen how nanolime

lled one of the fissures. The chemical contrast showed differ- 

nces, being the filler lighter than the substrate [ Fig. 3 a-b]. Ana- 

ytically, EDX spectrum showed remarkable differences inside the 

racks (spot 1) [ Fig. 3 c], and in the interior of the samples (spot 2)

 Fig. 3 d], possibly attributable to the newly formed calcium car- 

onate filler. The filler analysed gave different EDX spectrum to 

hose of the control samples and to the interior ones, and there- 

ore, it should not be fossil calcium phosphate but calcium carbon- 

te induced by calcium hydroxide nanoparticles. 

.2. Powder X-ray diffraction analysis 

Hydroxyapatite and calcite were observed in PXRD untreated 

ossil analysis [ Fig. 4 a]. In relative mass fraction terms, hydroxya- 

atite was present in higher proportion than calcite, being 56:44 

n average. The presence of calcite found in the fossils may in- 

icate that they were carbonated in terms of their permineraliza- 

ion during taphonomic processes [ 3 , 38 , 39 ]. Powder X-ray Diffrac-

ion analysis results complement and confirm the elemental anal- 

sis observed through EDX. 

On nanolime consolidated samples, results indicate the pres- 

nce of calcite and hydroxyapatite [ Fig. 4 b] so Powder X-ray 

iffraction analysis also complements and confirms the elemental 

nalysis observed through EDX. In contrast, although consolidated 

amples contained both calcite and hydroxyapatite, consistent with 

he EDX analysis, they exhibited a higher proportion of calcite. The 

elative mass fraction was 43:57, on average for the three samples 

nd a standard deviation of 20.34%. X-ray diffraction and EDX re- 

ults allow us to suggest that the material resulting from the con- 

olidation in this case is calcite. 

No other calcium carbonate polymorph was detected, such as 

ragonite or vaterite [ Fig. 4 b] in contrast with Natali et al. [ 40 ]

here the formed polymorph is aragonite and not calcite, at- 

ributed to the presence of collagen as the sample is a fairly re- 

ent (medieval) unfossilised bone. In our case, with a fossil bone 

ated between 11 and 10.5 million years ago, no collagen re- 

ains are possible, so the non-formation of aragonite according 

o this premise is to be expected. Other studies have detected 

he formation of amorphous calcium carbonate (ACC), vaterite and 

ragonite [ 74 , 76 , 77 ]. According to Rodríguez-Navarro et al. [ 76 ]

hen nanolimes undergo carbonation in humid air at room tem- 

erature, they initially form amorphous calcium carbonate. Then, 

CC transforms into metastable vaterite and aragonite through a 

issolution-precipitation process. Following this, aragonite and va- 

erite partially dissolve, leading to the precipitation of stable calcite 

72% transformation in 10 days). Thus, the formation of metastable 

aterite and aragonite is directly influenced by the presence of 
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Fig. 2. Untreated control samples SEM-BEI, SEM-SEI photomicrographs and EDX spectrum. (a) C1 control sample section at 1500x. (b) C2 control sample surface image at 

30 0 0x. (c) EDX surface spectrum corresponding to C2 untreated control sample: calcium, carbon and phosphorus. 

Fig. 3. SEM-BEI photomicrographs and EDX spectrum of nanolime consolidated sample N-SEM2. (a) N-SEM2 surface section at 200x. In red, newformed layer measurements. 

(b) N-SEM2 surface section at 1500x. (c) EDX spot spectrum of the newly formed filler (spot 1). (d) EDX spot spectrum of the fossil internal area (spot 2): calcium, carbon 

and phosphorus comparable to control samples. 
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thanol or short-chain alcohols adsorbed on the nanoparticles; 

ithout solvent, only calcite is formed [ 76 , 77 ]. However, it is an

nitial phenomenon, in which the kinetics eventually transform 

ost of the vaterite and aragonite into calcite, but still traces of 

aterite and aragonite may remain [ 76 , 77 ]. Fossil samples of our

tudy were analysed months after the calcium hydroxide nanopar- 

icles induction and neither vaterite nor aragonite were detected. 

aterite can present one of its peaks at 14.30 ° (PDF 01-072-1616) 

ut in this case a more intense peak at 17.73 ° and one of similar

ntensity at 8.47 ° should appear, but none of them has been ob- 

erved. Aragonite may have one of its highest peaks at 26.59 ° (PDF 

 0-0 03-0425). In this case, peaks of similar intensity would appear 

t 38.10 °, 45.79 ° and 52.88 °, none of them observed [ Fig. 4 b]. 
23
On the other hand, Montilla [ 53 ] found that in non-fossilised 

one without collagen remnants, calcium hydroxide nanoparticles 

ransformed compositional apatite into hydroxyapatite. This would 

ot be our case either according to the XRD and EDX results. 

.3. Phenolphthalein test 

All nanolime consolidated samples were submitted to phe- 

olphthalein test and the penetration depth was of almost two 

illimetres [ Fig. 5 a-b]. After comparing all samples, it can be 

tated that calcium hydroxide nanoparticles were able to pene- 

rate an arithmetic average of 1.81 mm with a standard deviation 

f 0.15 mm. As nanolime is not soluble in isopropanol, penetra- 
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Fig. 4. PXRD fossil samples diffractogram. (a) PXRD diffractogram of an untreated fossil control sample (C1-N). (b) PXRD diffractogram of consolidated N-O1 sample. 

Fig. 5. Phenolphthalein tests images. (a) N-SEM2 sample section after Phenolphthalein test. (b) Penetration depth measurements after Phenolphthalein test on N-SEM2 

sample. 
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ion results indicate the extent of nanolime particles and not of the 

olvent [ 65 ]. It should not be forgotten that nanolime penetration 

s related to the particle size, the conductive solvent, the surface 

orosity [ 75 ], the moisture content [ 74 ] the application method 

nd the number of applications [ 78 ] and the environment condi- 

ions of relative humidity, influencing the evaporation rate of the 

olvent which drags the particles outwards [ 62 , 63 ]. According to 

revious studies, especially in the field of lime and stone mortar 

onsolidation, penetration depths range from hundreds of microns 

o a few centimetres in the case of highly porous materials [ 62 , 74 ].

henolphthalein test results perfectly coincide with SEM analysis 

nd can be compared with a recent archaeological bone consolida- 

ion study [ 54 ] where nanolime penetration range is very similar. 

n that study, using the same drip consolidation system, the same 

anolime product and with similar curing conditions, the penetra- 

ion achieved is very close, slightly higher. However, as mentioned 

bove, penetration also depends on material porosity, and in this 

ase the type of bone is different as well as the degree of fos- 

ilization. Another of the few existing studies on fossils consolida- 

ion with Nanorestore® reports an average penetration rate of less 
24
han 1 mm [ 55 ], possibly attributable to the different method of 

pplication used (three brush applications without covering) and 

he differences in substrate porosity. 

.4. Conductivity and pH analysis 

Conductivity increased in all samples [ Fig. 6 ]. In the three repe- 

itions conducted on the nine samples, the variability has also ex- 

ibited minimal levels, with a standard deviation ranging from 0 

o 2 μS and with a standard deviation mean of 1 μS. Data showed 

ncreases between 207 and 372 μS with an average of 302 μS and a 

tandard deviation of 59,90 μS. The findings indicated an increase 

anging from 135.59% to 260.75% with an arithmetic average of 

81.22% and a standard deviation of 49,14%. 

Increased conductivity was expected due to the formation of a 

alcite layer. Despite this increase, conductivity results were still in 

he near isotonicity in compliance with current conservation crite- 

ia [ 79 , 80 ]. Furthermore, calcite is a relatively insoluble salt (with 

 pKsp of 8.48), and therefore it will not migrate or lead to cyclic 

alt dissolution and recrystallization issues. 
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Fig. 6. Conductivity variations after nanolime consolidation: initial and final average conductivity for each sample. 

Fig. 7. Drop absorption time variations after nanolime consolidation: initial and final mean drop absorption time for each sample. 
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In contrast, all pH values remained stable at pH 8 before and 

fter treatment in all the samples. This is particularly beneficial 

onsidering that fossil bone heritage treatments must have stable 

nd slightly alkaline pH to safeguard against the solubility-related 

eterioration of calcium carbonate and calcium phosphate [ 79 , 80 ]. 

.5. Drop absorption analysis 

Throughout the nine measurements performed on each sam- 

le prior to nanolime consolidation, a standard deviation from 0.18 

o 0.40 s and a standard deviation mean of 0.26 s was observed. 

he original absorption times showed again, as observed by SEM 

 Fig. 2 ], that the fossil had a low porosity, with average absorption

imes of up to 68.56 s, with a total average of 24.43 s. 

After consolidation, drop absorption time increased in all sam- 

les [ Fig. 7 ]. Absorption times performed an increase of between 

2.39 to 74.54 s with a standard deviation mean of 0.32 s. On aver-

ge, absorption time increased 50.87 s with a standard deviation of 

8.95 s. Therefore, absorption times increased multiplied by a fac- 

or of 1.69 to 7.16 with an average of a multiplication factor of 3.74 

nd a standard deviation of 1.69. In terms of percentage, absorp- 

ion times after the experiment increased by 274.11% on average. 

esults were similar to those observed in one of the few studies 
25
pplied over archaeological bone [ 54 ]. In that case, the absorption 

imes after consolidation increased an average of 326.19%. 

Results [ Fig. 7 ] lead to interpret that consolidation treatment 

hanged samples absorption behaviour and, consequently, their 

orosity but no complete obstruction took place in any of the 

amples. It is proved that in nanolime consolidation treatments a 

igher reduction of the big pores delivers a higher hardness and 

ncrease in the drilling resistance [ 75 ]. Other studies also corrobo- 

ate this fact [ 54 , 62 , 81 ] that has been verified by SEM analysis by

bserving the heterogeneous and porous newformed layers, thus 

llowing permeability [ Fig. 3 ]. 

.6. Spectrophotometry analysis 

On the nine samples selected for nanolime consolidation, op- 

ical variability was minimal, showing a standard deviation rang- 

ng from 0 to 0.33 and a standard deviation mean of 0.03. At the 

eginning, samples were nearly white, with L∗ values between 86 

nd 94, a∗ values between 0 and 1, and b∗ values between 3 and 

0 (a warm white with some yellow and brown tones, probably 

ue to some clays residues). After treatment [ Fig. 8 ], almost all the 

amples showed an increase in their coordinate values a∗ and b∗, 

eering towards yellow and red, but only the b∗ values increased 
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Fig. 8. Colour variations after nanolime consolidation treatment involving mean L∗a∗b∗ values: �L∗ �a∗ �b∗ �E∗ and �E∗ . 
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bove �= 5 (in four of the nine samples) resulting in a yellowing 

hich was visible to the naked eye. 

Although these four samples have �E∗> 5, it is only by a few 

enths. Only one of them exceeds �E∗= 5 by far: sample N-D7 

 �E∗= 9.08). The overall result is that the samples are almost chro- 

atically unchanged, although four of them are slightly darker and 

ellower: N-D7, N-D9, N-O2 and N-SEM2. �E∗ values oscillated be- 

ween 1.8 to 9.08 with a total arithmetic average of 4.65 and a 

tandard deviation of 2.14. Fig. 8 displays �L∗, �a∗, �b∗ and �E∗

oordinates. Fossil samples proximate to 0 have remained almost 

nchanged. The �E∗> 5 values are in the upper area, highlighted 

n a light purple band. These samples (N-D7, N-D9, N-O2 and N- 

EM2) have changed going beyond the tolerance threshold defined 

n this research, but only N-D7 has changed significantly. 

In nanolime consolidation, results showed hardly noticeable 

hanges in appearance [ Fig. 8 ]. Of the nine samples analysed only 

ne changed significantly and three others exceeded the tolerance 

ndex established in this research [ 68–70 ] showing a slight yel- 

owing. As can be seen in Fig. 8 the �b∗ values were the only 

alues that increased above �E∗> 5. Nevertheless, changes were 

ardly noticeable to the naked eye except in the sample N-D7. Only 

ne study has compared colour changes on fossil bones consoli- 

ated by nanolime [ 56 ] and the results indicated that there were 

o appreciable colour changes. On the other hand, there are some 

tudies that showed an appreciable whitening due to nanoparti- 

les accumulation on the surface of mortars and stones [ 51 , 74 , 81 ].

ccording to Baglioni et al. [ 61 , 62 ] this effect can be minimised,

r even eliminated, with the appropriate methodology that slows 

own the fast evaporation of nanolime, as it was done in this study 

hrough environmental control and sample coverage. In our case, 

he results were almost negligible, but instead of whitening, there 

as a very slight yellowing. Non-whitening is clear, as L∗ values 

ave hardly increased, as well as a∗ values which would move 

owards red. The slight yellowing may be due to the optical ef- 

ect of some accumulation of nanoparticles on the fissures with 

lay residues. These fossils have yellow and brown clay remains, 
26
s it was indicated previously, and this could favour this slight 

ellowing. 

.7. Weight increase analysis 

Weight increment was observed in all samples [ Table 1 ]. Af- 

er performing the three measurements variability was very low 

n all samples, having a standard deviation ranging from 0.0 0 01 to 

.0 0 08 g and an average standard deviation of 0.0 0 05 g. 

Weight increase oscillates between 0.0059 and 0.0187 g with a 

ean of 0.0113 g and a standard deviation of 0.0038 g. In percent- 

ge, the increase ranged between 0.04% to 0.19%, having a com- 

lete arithmetic mean of 0.13% and a standard deviation of 0.05%. 

All samples performed a natural and slight weight increase due 

o calcium carbonate particulate matter generation. This could be 

ue to the fact that nanolime consolidation only provides Ca(OH)2 

anoparticles dispersed in a solvent, which eventually evaporates, 

nd therefore the observed weight gain is only due to induced cal- 

ium carbonate [ Fig. 3 ]. 

.8. Vickers microindentation hardness analysis 

Compared to initial values, surface hardness increased in all 

ases [ Table 2 ]. Control fossil surface hardness showed average re- 

ults of 0.016 kg/mm2 with a standard deviation of 0,004 kg/mm2 . 

After nanolime consolidation, averaged values increase to 

.025 kg/mm2 , which means a 56.25% gain from initial hardness. 

tandard deviations oscillate between 0.002 to 0.018 kg/mm2 with 

 standard deviation mean of 0.005 kg/mm2 . 

Regarding treatment’s consolidation effects, it provides encour- 

ging surface cohesion and hardening values. Surface hardness in- 

reased significantly, up to 56.25% average gain from initial hard- 

ess. Results are similar to Natali et al. [ 40 ] where a 50–70%

ncrease in surface hardness was achieved. In the only previous 

tudy of nanolime consolidation applied to fossil bone in which 

ardness gain is assessed, a 44% increase in surface hardness was 
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Table 1 

Initial and final weight data of all the samples with their statistical analysis. Weight variations after nanolime consolidation. 

Samples Initial 

Weight 1 

(g) 

Initial 

Weight 2 

(g) 

Initial 

Weight 3 

(g) 

Mean 

Initial 

Weight 

(g) 

Standard 

Deviation 

(g) 

Final 

Weight 1 

(g) 

Final 

Weight 2 

(g) 

Final 

Weight 3 

(g) 

Mean 

Final 

Weight 

(g) 

Standard 

Deviation 

(g) 

Increase 

(g) 

Total 

Increase 

Standard 

Deviation 

(g) 

% of 

Increase 

Total % of 

Increase 

Standard 

Deviation 

N-D7 7.1778 7.1775 7.1769 7.1774 0.0004 7.1877 7.188 7.1872 7.1876 0.0003 0.0102 0.14 

N-D8 6.9101 6.91 6.91 6.9100 0.0000 6.9198 6.9195 6.919 6.9194 0.0003 0.0094 0.14 

N-D9 6.594 6.5938 6.5942 6.5940 0.0001 6.6063 6.6058 6.6054 6.6058 0.0003 0.0118 0.18 

B-O1 8.5203 8.5202 8.5193 8.5199 0.0004 8.5285 8.5287 8.5283 8.5285 0.0001 0.0086 0.10 

N-O2 9.2295 9.2292 9.2284 9.2290 0.0004 9.2386 9.2384 9.2374 9.2381 0.0005 0.0091 0.10 

N-O3 11.3044 11.3042 11.3039 11.3042 0.0002 11, 3207 11.3197 11.3185 11.3191 0.0004 0.0149 0.13 

N-SEM1 9.6315 9.6316 9.6303 9.6311 0.0006 9.6497 9.6499 9.65 9.6499 0.0001 0.0187 0.19 

N-SEM2 14.889 14.8888 14.8878 14.8885 0.0005 14.895 14.8946 14.8936 14.8944 0.0006 0.0059 0.04 

N-SEM3 11.2638 11.2634 11.2626 11.2633 0.0005 11.2766 11.2763 11.2752 11.2760 0.0006 0.0128 0.0038 0.11 0.05 

AVERAGES 0.0004 0.0004 0.0113 0.13 

Table 2 

Vickers hardness analysis: original (untreated control samples) and nanolime consolidation. 

Samples HV 1 

(kg/mm2 ) 

HV 2 

(kg/mm2 ) 

HV 3 

(kg/mm2 ) 

HV 4 

(kg/mm2 ) 

HV 5 

(kg/mm2 ) 

HV mean Total HV 

mean 

Standard 

Deviation 

Total Standard 

Deviation Mean 

Control 1 0.017 0.021 0.031 0.017 0.015 0.020 0.004 

Control 2 0.014 0.009 0.011 0.008 0.012 0.011 0.001 

Control 3 0.016 0.017 0.018 0.020 0.014 0.017 0.002 

Control 4 0.021 0.011 0.016 0.013 0.012 0.015 0.016 0.002 0.002 

N-D7 0.059 0.028 0.009 0.033 0.034 0.033 0.001 

N-D8 0.023 0.026 0.014 0.017 0.023 0.021 0.002 

N-D9 0.027 0.022 0.022 0.020 0.014 0.021 0.005 

N-O1 0.031 0.035 0.032 0.031 0.030 0.032 0.001 

N-O2 0.025 0.028 0.034 0.031 0.022 0.028 0.004 

N-O3 0.019 0.021 0.017 0.022 0.025 0.021 0.003 

N-SEM1 0.022 0.02 0.019 0.021 0.027 0.022 0.004 

N-SEM2 0.024 0.031 0.026 0.014 0.026 0.024 0.001 

N-SEM3 0.030 0.028 0.024 0.029 0.027 0.028 0.025 0.001 0.002 

Fig. 9. Left: Initial and final weights of detached particles from the tape test with their statistical analysis. Right: Variations in weight of detached particles after nanolime 

consolidation. 
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chieved [ 56 ]. From these comparisons, it can be assessed that a 

6.25% hardness surface improvement is a positive result. As im- 

rovements in hardness are commonly required to maintain the 

ntegrity and morphology of deteriorated fossils, this treatment 

roves to be very appropriate in this regard. 

.9. Disaggregation tape test 

The disaggregation of fossil bone surface was evaluated before 

nd after treatment [ Fig. 9 ]. After nanolime consolidation, surface 

isaggregation decreased in all samples. Initially, samples released 

 notable quantity of particles. In contrast, after treatment, tape 

est samples exhibited a decrease in weight between 0.0024 and 
27
.0068 g, with a mean of 0.0042 g and a standard deviation of 

.0018 g. In percentage data, that represents a decrease of between 

9.34% to 76.19% with a standard deviation of 13,98% and a total 

rithmetic mean of 66.47%. 

Regarding cohesion, a significant decrease in surface disaggre- 

ation was evident in all cases. Most of the disaggregated particles 

ecame bonded together due to the development of a thin calcium 

arbonate surface layer [ Fig. 3 ]. 

Cohesion is one of the main considerations for evaluating the 

onsolidation of a fossil’s surface. Thus, improvements in cohesion 

re typically necessary to preserve integrity and morphology on 

ecayed fossils. In this regard, nanolime consolidation treatment 

rove to be also appropriate. 
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. Conclusions 

This investigation demonstrates that calcium carbonate precipi- 

ation induced by calcium hydroxide nanoparticles results in signif- 

cant protection for carbonate fossil bone heritage. The treatment 

s applicable and efficient for decayed carbonate fossil bones, pro- 

iding good cohesion and hardening. In addition, this method is 

ighly compatible with the substrate and hardly change their ap- 

earance. 

Regarding stability, inorganic materials are far more resistant to 

geing in contrast to the commonly employed polymeric resins. In 

ddition, the composition of newformed material, calcite, makes 

he treatment very stable, controllable and safe for palaeontolog- 

cal bone heritage; nevertheless, regarding toxicity, it is a moder- 

tely toxic treatment because it contains isopropanol. 

Related to material compatibility, nanolime consolidation is 

ighly compatible because newformed cementing material has the 

ame chemical composition, as part of the original fossilised sub- 

trate, according to XRD analyses. 

Moreover, consolidation treatments should not generate signif- 

cant weight increase, noticeable appearance changes, pore clog- 

ing, chemical alteration or surface film formation. Considering the 

inimum intervention criteria in conservation field, this consolida- 

ion treatment provides the minimum amount of external material 

ith negligible variations in chemical, morphological and appear- 

nce characteristics of the fossil. Moreover, it must be taken into 

ccount that this treatment did not cause pore blockage. 

Regarding retreatability, retreatment is possible if required be- 

ause the induced material has almost the same composition to 

he original and the porous system has not been plugged. 

Related to treatment penetration depth, calcium hydroxide 

anoparticles penetrated up to 2 mm into the samples. This is a 

opeful outcome when dealing with a fossil bone with low poros- 

ty in origin. 

Concerning interference with future analyses, it must be taking 

nto account that any consolidation treatment can interfere in this 

espect but nanolime interference in future analysis is an issue not 

idely studied at present. Knowledge on nanolime penetration can 

elp to discriminate the non-valid area for analysis, as long as that 

he analysis does not require surface information. 

Regarding applicability, nanolime consolidation treatment is 

asily applicable (direct application on the surface), almost like a 

raditional consolidating product. 

In conclusion, this research proposes a consolidation alternative 

n the palaeontological fossil bone conservation field. The method 

an be considered as an alternative to traditional polymeric treat- 

ents because they achieve the main conservation criteria as sta- 

ility, material compatibility, minimum intervention and retreata- 

ility. Nanolime consolidation has been tested previously in few 

ossil bones but this research provides relevant data on the com- 

osition of the induced mineral in fossil matrix and encouraging 

enetration results in low-porous fossils. With regard to all oth- 

rs parameters assessed, this research follows a coherent approach 

ith previous existing nanolime consolidation of bone and fossil 

one studies. So, further research is essential to advance and re- 

ne this emerging conservation treatment. Future research should 

ocus on treating different categories of specimens, including non- 

ossilized bone and ivory remains and artefacts. In addition, future 

esearch lines could also focus on improving applicability and ex- 

ending sampling. 
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cium carbonate phases during carbonation of nanolimes: implications in her- 
itage conservation, Cryst. Eng. Comm. 18/35 (2016) 6594–6607, doi: 10.1039/ 

C6CE01202G . 

http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0028
https://doi.org/10.1016/j.actbio.2014.03.007
https://doi.org/10.1179/2047058415Y.0000000020
https://doi.org/10.34632/ecr.2019.9580
https://doi.org/10.1111/1475-4754.00077
https://doi.org/10.1128/AEM.69.4.2182-2193.2003
https://doi.org/10.3390/nano12183163
https://doi.org/10.1038/s41598-022-10798-5
https://doi.org/10.1016/j.culher.2019.07.022
https://doi.org/10.1007/s00339-016-0015-x
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0038
https://doi.org/10.1126/science.259.5100.1439
https://doi.org/10.1021/la404085v
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0041
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0042
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0043
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0044
https://doi.org/10.1016/j.jcis.2012.09.069
https://doi.org/10.1179/sic.2000.45.3.154
https://doi.org/10.1021/la010269b
https://doi.org/10.1021/penalty -@M ar900193h
https://doi.org/10.1016/j.culher.2013.03.002
https://doi.org/10.37558/gec.v11i0.455
https://doi.org/10.1016/j.conbuildmat.2018.06.055
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0052
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0053
https://doi.org/10.1093/micmic/ozac013
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0055
https://doi.org/10.1016/j.conbuildmat.2021.124312
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0057
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0058
https://doi.org/10.1080/14772019.2013.863231
https://doi.org/10.1016/j.heliyon.2023.e17597
https://doi.org/10.1007/s00339-013-7942-6
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0062
https://doi.org/10.1016/j.colsurfa.2016.03.007
https://doi.org/10.1021/la4017728
https://doi.org/10.7480/abe.2017.8.1842
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0066
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0067
https://doi.org/10.1002/col.5080160505
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0069
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0070
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0071
https://doi.org/10.1617/s11527-011-9778-x
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0073
https://doi.org/10.1515/pac-2017-0506
https://doi.org/10.1016/j.conbuildmat.2019.03.130
https://doi.org/10.1039/C6CE01202G


S. Marín-Ortega, M.Á. Iglesias-Campos and M. Àngels Calvo i Torras Journal of Cultural Heritage 70 (2024) 19–30

[

[

[

[

[

77] K.K. Sand, J.D. Rodríguez-Blanco, E. Makovicky, L.G. Benning, S.L.S. Stipp, Crys- 
tallization of CaCO3 in water-alcohol mixtures: spherulitic growth, polymorph 

stabilization, and morphology change, Cryst. Growth Des. 12/2 (2012) 842–853, 
doi: 10.1021/cg2012342 . 

78] J. Otero, J.S. Pozo-Antonio, C. Montojo, Influence of application method and 
number of applications of nanolime on the effectiveness of the Doult- 

ing limestone treatments, Mater. Struct. 54/1 (2021) 1–19, doi: 10.1617/ 
s11527- 020- 01607- 4 . 
30
79] R. Wolbers, Cleaning Painted Surfaces, Aqueous Methods, Archetype Publica- 
tions, London, 20 0 0 ISBN 9781873132364 . 

80] P. Cremonesi, El Ambiente Acuoso Para El Tratamiento De Obras Polícromas, Il 
Prato, Collana i Talenti, Padova, 2015 ISBN 9788863362695 . 

81] J.S. Pozo-Antonio, J. Otero, P. Alonso, X. Mas i Barberà, Nanolime- and 
nanosilica-based consolidants applied on heated granite and limestone: effec- 

tiveness and durability, Constr. Build. Mater. 201 (2019) 852–870, doi: 10.1016/ 
j.conbuildmat.2018.12.213 . 

https://doi.org/10.1021/cg2012342
https://doi.org/10.1617/s11527-020-01607-4
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0079
http://refhub.elsevier.com/S1296-2074(24)00171-7/sbref0080
https://doi.org/10.1016/j.conbuildmat.2018.12.213

	Evaluation of carbonated fossil bone consolidation by induction of calcium hydroxide nanoparticles in a Miocene Cheirogaster richardi specimen
	1 Introduction
	2 Research aim
	3 Materials and methods
	3.1 Fossil samples preparation
	3.2 Calcium hydroxide nanoparticles
	3.3 Consolidation tests
	3.4 SEM analysis
	3.5 Powder X-ray diffraction analysis
	3.6 Phenolphthalein test
	3.7 Conductivity and pH analysis
	3.8 Drop absorption analysis
	3.9 Spectrophotometry analysis
	3.10 Weight increase analysis
	3.11 Vickers microindentation hardness analysis
	3.12 Disaggregation tape test

	4 Results and discussion
	4.1 SEM analysis
	4.2 Powder X-ray diffraction analysis
	4.3 Phenolphthalein test
	4.4 Conductivity and pH analysis
	4.5 Drop absorption analysis
	4.6 Spectrophotometry analysis
	4.7 Weight increase analysis
	4.8 Vickers microindentation hardness analysis
	4.9 Disaggregation tape test

	5 Conclusions
	Acknowledgements
	References


