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A B S T R A C T   

This research paper proposes Microbially Induced Calcium Carbonate Precipitation (MICP) as an 
innovative approach for palaeontological heritage conservation, specifically on deteriorated 
carbonate fossils. Due to its efficiency in bioconsolidation of carbonate ornamental rocks, Myx-
ococcus xanthus inoculation on carbonate fossils was studied in this research. 

Treatment was tested on nine fossil samples from decontextualized fragments of Cheirogaster 
richardi specimens (Can Mata site, Hostalets de Pierola, Catalonia, Spain). The main objective was 
to evaluate whether treatment with Myxococcus xanthus improved fossil surface cohesion and 
hardness and mechanical strength without significant physicochemical and aesthetic changes to 
the surface. Chemical compatibility of the treatment, penetration capacity and absence of 
noticeable changes in substrate porosity were considered as important issues to be evaluated. 

Samples were analysed, before and after treatment, by scanning electron microscopy, weight 
control, spectrophotometry, X-ray diffraction analysis, water absorption analysis, pH and con-
ductivity control, Vickers microindentation and tape test. Results show that hardness increases by 
a factor of almost two. Cohesion also increases and surface disaggregated particles are bonded 
together by a calcium carbonate micrometric layer with no noticeable changes in surface 
roughness. Colour and gloss variations are negligible, and pH, conductivity and weight hardly 
change. Slight changes in porosity were observed but without total pore clogging. 

To sum up, results indicate that Myxococcus xanthus biomineralisation is an effective consoli-
dation treatment for carbonate fossils and highly compatible with carbonate substrates. 
Furthermore, bacterial precipitation of calcium carbonate is a safe and eco-friendly consolidation 
treatment.  
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1. Introduction 

Traditionally, consolidation of palaeontological remains has been accomplished through the use of strengthening substances like 
resins, adhesives and waxes. This technique, which has been documented since the 19th century [1–3], was developed concurrently 
with the consolidation of monumental stone structures [4–6] and archaeological assets [7,8]. 

At present, paleontological consolidation primarily involves polymer impregnation, particularly acrylic resins [9–14]. This process, 
otherwise commonly known as palaeontological preparation, is designed to maintain fossil morphology and enhance hardness for 
easier fossil manipulation for histopathological, histomorphometric, taphonomic and taxonomic research works [10,15]. 

Even though polymers provide an efficient hardening solution for the immediate requirements, they provoke brightness and colour 
changes and can affect future analysis [10,16,17]. Polymers can also chemically alter the substrate, increase its weight and generate 
film surface formation with different shrinkage-dilation coefficients, leading to delamination, disruption, pore clogging [18], and 
alterations in water and gas behaviour [19–22]. For these reasons, alternative and compatible treatments should be explored. 

Fossil bones consist primarily of a mineral fraction ranged 60–70 wt%, principally carbonate–hydroxyapatite 
(Ca5(PO4)3–x(CO3)xOHx+1) [23]. Therefore, inorganic consolidations would be preferred to resins because of their physicochemical 
affinity with mineral substrates [24]. 

While they are buried, empty spaces form in bone remains when organic material, such as cells, blood vessels and collagen (20–30 
wt%) decays [25]. Hydroxyapatite may also leach out leaving new spaces and demineralising the remains [21]. 

These new spaces are filled up over millions of years through the deposition of minerals from surrounding sediments and 
groundwater [25,26] and by bacterial mineral new formation, facilitated by a favourable combination of sedimentological, 
geochemical and microbial conditions [27–32]. This process, known as fossil-diagenesis or fossilisation by pseudomorphosis and 
permineralization, depends on hydrology and the burial environment [26,33]. It also depends on bone-environment relationship: 
mineral leaching, collagen loss, ion exchange, microbial action and seepage by soil compounds [21]. 

Most fossils are mainly permineralized by calcium carbonate [34]. Simultaneously, while buried, bones continue to be deminer-
alised affecting their mechanical properties. Consequently, a compatible way to consolidate fossil bones might involve the in-situ 
growth of CaCO3 crystals [35]. 

A method to induce calcium carbonate in carbonate substrates would occur via bacterial carbonatogenesis. In the 1970s, Boquet, 
Boronat and Ramos-Cormenzana proved that the majority of heterotrophic soil bacteria were able to precipitate calcium carbonate 
[36]. 

However, it was in the 1990s when Adolphe, Castanier, Loubière and Le Métayer-Levrel proposed the use of Microbial Induced 
Calcium Carbonate Precipitation (MICP) for the purpose of consolidating ornamental stone [37]. Since that time, researchers have 
conducted tests on this form of bioconsolidation on ornamental stone [24,38–42], plasters [20,43] and wall paintings [44]. 

Bioconsolidation replicates a process undertaken by nature for countless millennia with many carbonate rocks originating in MICP 
[45–47]. Furthermore, it also reproduces some autogenous microbial permineralization caused during the fossilisation process [28]. It 
is worth noting that the most prevalent autogenous fossilisation minerals are calcium carbonate and calcium phosphate, both common 
in fossil bones and burial environment [26,48]. Indeed, the majority of fossils consist of biomineralized remains [28] and, even though 
the initial taphonomic modifications are initiated by fossil-specific bacteria and bone mineralogy, the most notable diagenetic changes 
are primarily driven by the influence of soil microorganisms [33]. 

For all these reasons, MICP is proposed in this research as a viable and appropriate method for carbonate paleontological heritage 
consolidation. Even though this consolidation treatment has been tested with different bacterial strains and culture media, the main 
procedures consist of bacterial inoculation accompanied by a calcium and carbonate rich media [24,39–41,49], or in direct stimulation 
of the substrate’s microbiota itself by using a carbon and calcium source rich medium [20,42,50–52]. 

Rodríguez-Navarro et al. [24] found that Myxococcus xanthus, under appropriate conditions, had a high capacity for precipitating 
calcium carbonate due to its metabolic activity. In addition, they found that M. xanthus outperformed bacteria tested in other research 
studies in several ways [38–41]. Treatment promoted a good mechanical strength without plugging the pores, i.e. allowing gas ex-
change, and the stone colour was not modified. Treatment also showed a better penetration and adhesion between newformed crystals 
and substrate. In addition, when samples were dried, there was no bacteria fructification and, therefore, no uncontrolled bacterial 
growth could appear when treatment was completed [24,49,53]. Several studies have proven the effectiveness of M. xanthus in 
ornamental and architectural stone consolidation from 1996 [24,49,54–57]. 

For the above reasons, present research has tested M. xanthus calcium carbonate precipitation on fossil carbonated remains, 
specifically on miocene Cheirogaster richardi specimen fragments. The main aim of this study is to ascertain the M. xanthus capacity to 
establish a cohesive carbonate matrix in fossil porous systems, considering treatment viability, applicability and effectiveness. 
Cohesion and hardness improvements must be also determined without causing significant physicochemical and aesthetic changes on 
fossil remains. In addition, the evaluation of the issues of chemical compatibility, penetration capacity and the absence of noticeable 
changes in substrate porosity were considered relevant issues to be evaluated. 

Results would allow an alternative treatment for carbonate fossil consolidation that has not been conducted before. Additionally, 
MICP is a recognized safe and eco-friendly methodology [58]. 

2. THEORY: Myxococcus xanthus metabolic activity involved in MICP 

M. xanthus cell walls possess carboxyl and hydroxyl groups that undergo deprotonation in an alkaline environment, resulting in the 
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generation of negative charges. Negative charges exhibit a pronounced electrostatic attraction to metal cations in aqueous environ-
ments [59]. Since metabolic processes do not necessitate large quantities of calcium ions, any surplus accumulates outside the cell 
[60]. Owing to the influence of electrostatic attraction forces, calcium ions remain adhered to the bacterial cell membrane. Once 
attached to the cell walls, calcium ions form bonds with carbon found in the medium, consequently leading to the generation of 
calcium carbonate surrounding the cell [24,54,61]. This mechanism is an evolutionary adaptation in which bacteria can regulate 
cellular ionic balance and provide structural support structures both inside and outside the cell [19]. 

In regular equilibrium reaction, once a specific level of saturation in solution is reached [24,62] calcium carbonate precipitation 
occurs as follows: Ca2+ + CO3

2− ↔ CaCO3. In addition, CO3
− 2 production in alkaline conditions increases as it is pH-dependent [63,64] 

by the following equilibrium reaction [65]:  

HCO3
− ↔ CO3

2− + H+

HCO3
− + OH− ↔ CO3

2− + H2O                                                                                                                                                         

It is well known that heterotrophic metabolic bacterial processes raise the pH via the release of ammonia and various other me-
tabolites [33,47]. In fact, M. xanthus metabolic activity implies NH3 production by amino acid oxidative deamination. That is why 
culture media involved in the process should contain an amino-acid-rich pancreatic digest, as a carbon and nitrogen source [24]. A 
non-use of carbohydrates and glucoses as carbon supplies, will significantly reduce the likelihood of acid production [50]. Inhibiting 
the acid production, medium alkalinity is maintained, which means carbonate precipitation increases. 

Amino acid carbon source also prevents fungus or acid-producing bacteria proliferation [50] that can affect the fossil by acid 
dissolution. Furthermore, the applied medium should have a slightly alkaline pH (a pH 8 buffer), so it can act against pH decreases. In 
conclusion, M. xanthus inoculated calcifying media should have a high calcium ions saturation and alkaline conditions favouring 
carbonaceous precipitation [24]. 

In addition to the direct biomineralisation mechanism explained above, bacteria also biomineralizes indirectly [64]. It has been 
demonstrated that organic dead bacteria networks and extracellular polymeric substances (EPS) act as a calcification matrix [66]. In 
fact, these surfaces help to bind ions from ionic solutions acting as nucleation areas for mineral deposition [61,67–70]. Both processes 
feed back into each other. As the number of cells increases, so does the number of crystallization nuclei, resulting in a faster pre-
cipitation of calcium carbonate [50]. Moreover, these new carbonates contain a certain percentage of organic bacterial matter, which 
means that the organic part can harden calcite, as occurs in sea shells [71]. 

3. Materials and methods 

3.1. Bacterial strain and culture media 

Microorganism employed in the study was M. xanthus from Spanish Type Culture Collection (CECT), strain number 422. M. xanthus 
is a gram-negative, heterotrophic and aerobic soil myxobacterium. Obviously, bacteria inoculated must be non-pathogenic to be safe to 
both conservators and heritage [72]. M. xanthus was precultured in CT media: 1% [wt/vol] Bacto Casitone, 0.1% [wt/vol] 
MgSO4⋅7H2O in a 10 mM phosphate buffer at pH 6.5 as described in Rodríguez-Navarro et al. [24]. Preculture media underwent 
sterilisation via autoclaving at 120 ◦C. M. xanthus was incubated at a temperature of 28 ◦C for a duration of 48 h to achieve an 
approximate density of 3 × 109 cells/mL. 

For bioconsolidation experiments, 2% [wt/vol] of the previous M. xanthus culture was inoculated in sterile liquid media M − 3P 
[1% Bacto Casitone, 1% Ca(CH3COO)2⋅4H2O, 0.2% K2CO3⋅1/2H2O in a 10 mM phosphate buffer, pH 8], as described in Rodríguez- 
Navarro et al. [24]. Part of M − 3P medium was gelled without inoculum by 2% [wt/vol] purified agar. 

3.2. Fossil samples 

The procedure involved the preparation of nineteen fossil sample cubes from a late miocene Cheirogaster richardi giant tortoise 
plastron. Nine samples were used for bioconsolidation tests, three for simultaneous pH analysis and seven for control measurements. 
Plastron was selected because it had the same thickness and characteristics in the whole area. All samples were extracted from the 
surface area. The fossil bone employed was found in Hostalets de Pierola (Can Mata site, Catalonia, Spain) in 2009, along with 5000 
other fossils during a recycling plant construction works, and was chosen because the fragment was very carbonated (SEM and 
Lindholm Test verification) and because it showed typical surface deterioration. Among all the fossils, 200 Cheirogaster richardi remains 
were found but only 37 specimens were complete and in good condition [73]. 

Selected bone fragment was still embedded in a large and compacted clay block matrix. To facilitate fragment extraction, controlled 
capillary hydration was needed. Fossil blocks were cut with a diamond saw into 2 × 2 × 1 cm approximately. The selected size and 
number of samples are justified by the total available piece of fossil. It was not feasible to sacrifice a large fragment given its heritage 
importance. 

Samples were sterilized in two steps: 10 min of immersion in 70:30 ethanol-water solution followed by three 30-min ultraviolet 
(UVC) sterilisation cycles. Tyndallization or autoclaving sterilisation was not possible in this case because samples cannot withstand 
the process. 
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3.3. Bioconsolidation tests 

Nine fossil samples were inoculated with 2% [wt/vol] M. xanthus culture in sterile liquid M-3P media. In order to mimic a realistic 
fossil consolidation treatment, samples were not treated by immersion but surface-treated. Subsequently, inoculated M-3P media was 
applied by dropping until all surface saturation was achieved, homogenised each time with a Vortex®. Immediately, gelled M-3P 
media was applied on the top of inoculated samples to ensure nutrient and water source during the 7-day treatment (Fig. 1a). This 
innovation can favour better carbonation by keeping bacteria alive longer. 

Samples were incubated at 28 ◦C for 7 days. A daily inoculated M-3P was applied to ensure bacterial activity during the required 7 
days. At the end of incubation, samples underwent three rinses with distilled sterile water and were dried at 37 ◦C for three days. After 
drying, samples were left to cure for 90 days. 

Three control tests were also performed with uninoculated M-3P media. M. xanthus corroboration and contamination tests were 
carried out by swab surface sampling when treatment was finished. Swap samples were inoculated on Tryptic Soy Agar and Mac-
Conkey agar plates and incubated for 24–48 h at 28 ◦C and 37 ◦C (Fig. 1b and c). Swap samples were also inoculated on Saboraud 
dextrose Agar with chloramphenicol and incubated at 28 ◦C for five-seven days. Gram staining was performed, and a biochemical 
miniaturised Analytical Profile Index (API) test was carried out to identify genus and species. 

3.4. ATP analysis 

ATP quantification, serving as a bioindicator of microbial activity, was conducted using a Hygiena SystemSURE Plus® luminometer 
[74–76]. 

ATP assay was used to check bacteria viability before, during and after treatment. Before treatment, ATP assay can corroborate a 
good viability in inoculated M-3P solution and allows the checking of fossil sample sterilisation before inoculation. During treatment, 
viability could be checked in less than a minute to determine whether treatment is properly developed or if a booster with more 
inoculum is needed. After treatment, ATP assay helps to monitor live bacteria remains on the fossil surface. In this regard, bacterial 
proliferation could provoke undesirable microbiota growth, damaging heritage substrate [53,77]. To minimize this risk, it is advisable 
to conduct comprehensive rinsing and drying procedures after treatment, followed by monitoring for potential bacterial proliferation. 

During this experiment, AquaSnap® and UltraSnap® ATP devices were utilized. To differentiate free ATP from non-viable frag-
mented cells, it is necessary to employ two distinct devices [75,76,78]; in this particular case AquaSnap Total® and AquaSnap Free®. It 
is crucial to discriminate extracellular or free ATP in this context, so both devices had to be used in each sample. 100 μl of inoculated 
M-3P media was collected with AquaSnap® just after Vortex® agitation before each application on fossils. UltraSnap® ATP swab 
devices were used for viability surface monitoring during and after treatment. 

Fig. 1. Experimental process images. (a) M. xanthus bioconsolidation tests. (b) Corroboration and contamination tests cultured and incubated for 
48 h at 28 ◦C. (c) M. xanthus corroboration result microscope 1000x image after gram staining. (d) 50 μl water drop absorption analysis before 
treatment. (e) Microindenter imprint on fossil sample to determine Vickers microindentation hardness analysis. 

S. Marín-Ortega et al.                                                                                                                                                                                                 



Heliyon 9 (2023) e17597

5

3.5. Conductivity and pH analysis 

Conductivity and pH on the surfaces of the samples were determined using 5% low electroendosmosis (EEO) pure agarose in 
distilled water discs of Ø 3 mm and Ø 8 mm respectively. Discs were placed on the samples surfaces for 20 min and then read by using 
Horiba Laquatwin® solid conductivity meter and PCE®-228S ERH-115 surface pH meter. 

Three measurements per sample were taken before and after treatment to analyse possible pH and conductivity changes. Arithmetic 
averages and standard deviation were calculated. Pre-treatment data were important to achieve a fossil-safe bioconsolidation because 
they determined the use of slightly alkaline pH and isotonic conductivity as close as possible to the original fossil to prevent calcium 
carbonate and calcium phosphate solubility damage. 

Bacterial metabolic activity results in carbon dioxide and ammonia production. Ammonia increases pH and calcium carbonate 
precipitation occurs in the case of oversaturation [79]. Therefore, pH increases can be indicative of biocarbonation. Simultaneous tests 
in test tubes were carried out to evaluate possible pH changes during treatment because this was very difficult to achieve on the surface 
of the fossil. In this case, three control samples were immersed in 50 mL of inoculated M-3P in order to evaluate daily pH changes on 
liquid media. 

3.6. Weight increase analysis 

Bacterially treated samples were weighed before and after treatment using a Sartorius® Basic precision balance with a sensitivity of 
0.0001 g to observe weight increase in each case. Three measurements per sample were performed. Arithmetic averages and standard 
deviation were calculated. The calculation of weight increase involved subtracting the average initial weight from the average final 
weight in each sample at the end of incubation. 

3.7. Spectrophotometry analysis 

All samples were analysed before and after bioconsolidation to evaluate possible treatment colour changes. Analyses were carried 
out with a Konica Minolta® CM 2600d spectrophotometer and SCI-CIELAB L*a*b* coordinates. Measurements were taken with Ø 8 
mm mask, specular component included, D65 illuminance and 10◦ observer angle. Three measurements per sample were taken in three 
defined and fixed areas. These three measurements mean the complete reading of the samples’ surface. Arithmetic average, standard 
deviation and Delta coordinates were calculated (ΔL*, Δa*, Δb* and ΔE* = [ΔL*2 + Δa*2 + Δb*2]1/2). 

Colour change tolerance index was set at ΔE* = 5, the point at which it starts to become visible to the human eye [80–82]. 

3.8. SEM analysis 

Four control untreated samples were analysed by scanning electron microscopy (SEM FEI QUANTA 200 EDAX) to examine the 
original fossil morphology on the internal perpendicular sections (n = 2) and on the surface (n = 2). 

Induced calcium carbonate penetration depth and compositional and textural changes were also observed in all treated samples. All 
samples were resin mounted and observed with Backscattered Electron Image (BEI) and Secondary Electron Image (SEI). 

To determine the thickness of the layer formed during bioconsolidation, nine measurements per sample were performed and 
arithmetic means and standard deviations were calculated. 

Using the EDX X-ray detector, spot microanalyses were carried out for major elements identification. 

3.9. Powder X-ray diffraction analysis 

To determine the fossil and the newly-formed layer’s composition, Powder X-ray Diffraction (PXRD) analysis was performed to 
identify crystalline phases. Three untreated samples and three treated samples were analysed. For fossil samples analysis, the original 
untreated cortical surface was pulverised. For bioconsolidated samples analysis, the most superficial layer possible was scraped off and 
ground. Analysis was performed using a PANalytical X’Pert diffractometer equipped with a PIXcel1D detector. Cu Kα radiation (λ =
1.5419 Å) was used and the powder patterns were measured in the range 5-60◦ 2θ. Crystalline phase identification was carried out by 
comparison with the Powder Diffraction File (PDF) patterns using the HighScorePlus program. The relative mass fractions of calcite 
and hydroxyapatite were calculated using the RIR method with the RIR values from PDF patterns (01-072-1652 for calcite and 01-086- 
0740 for hydroxyapatite). 

For fossil samples analysis, the original untreated cortical surface was pulverised. For bioconsolidated samples analysis, the most 
superficial layer possible was scraped off and ground. 

3.10. Drop absorption analysis 

Hydric properties changes were performed by drop absorption analysis. The absorption time of 50 μl water drop was recorded and 
evaluated before and after biomineralisation (Fig. 1d). Pore clogging and accessible porosity changes can be assessed indirectly with 
this analysis. 

Nine repetitions were performed on each sample. Samples were dried at 50 ◦C for 48 h prior to each repetition to achieve the same 
absorption conditions each time. A 50 μl water was dropped on all samples at 1 cm distance and complete absorption time was 
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measured with a chronometer. Arithmetic averages and standard deviation were calculated. 

3.11. Vickers microindentation hardness analysis 

Control and bioconsolidated sample surfaces were analysed using a Galileo® ISOSCAN OD microindenter. Microindentation was 
performed on the nine bioconsolidated samples and on four control untreated samples to determine the original values prior to 
consolidation. Microindentation cannot be performed before and after treatment on the same samples because they would be 
destroyed before bioconsolidation experiments. Samples were coated with graphite and 1-g force (9.807 mN) was applied on five 
different and fixed areas per sample (Fig. 1e). Arithmetic averages were calculated to determine the Vickers hardness (HV) average for 
each sample and also standard deviations. 

Since fossil samples had an irregular surface, the microindenter could not directly calculate the values. The imprint left by the 
microindenter was measured using a 200 × DinoLite® digital microscope in order to calculate Vickers mathematical formula. 
Hardness results were expressed in kg/mm2. 

3.12. Disaggregation tape test 

Fossil surface disaggregation was analysed before and after treatment by removable adhesive tape test. One tape test was performed 
per sample because a significant number of particles can be extracted in a single application. Adhesive strips of the same size and 
weight were applied to sample surfaces. Each strip was removed after 5 s and weighed on a Sartorius® Basic precision balance with a 
sensitivity of 0.0001 g. As the weight of the adhesive strips is already known, the weight difference corresponds to the detached fossil 
surface particles. Subtraction between the detached particles’ weight before and after treatment shows whether the treatment im-
proves surface cohesion. 

4. Results 

4.1. Bacterial monitoring 

Before treatment, ATP assay verified good viability in bacterial pre-culture. In this study, results obtained were between 4000 and 
7000 RLU. These values correspond, according to total viable bacteria count plates, to a range of 2 × 109 cells/mL to 4,3 × 109 cells/ 
mL. ATP assay also confirmed fossil samples sterilisation before inoculation. Results obtained were 0 RLU. 

During treatment, inoculated M-3P solution viability was ATP checked to determine if treatment needed to be reinforced with more 

Fig. 2. Above: initial and final conductivity data of all samples and their statistics. Below: conductivity variations after M. xanthus treatment: initial 
and final mean conductivity for each sample. 
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inoculum. On the first 4 days, RLU values increased about 1800 RLU. From the fifth day viability started to decline and a booster was 
performed. 

At the end of treatment, swab surface sampling showed bacteria suitability developed during treatment. M. xanthus corroboration 
and contamination tests were carried out with Analytical Profile Index (API) biochemical miniaturised test. Results confirmed a 
massive presence of M. xanthus in all the samples. Regarding contaminations, no other bacteria grew on samples. 

After treatment, ATP assay confirmed no live bacteria remains on fossil surfaces. Following the rinsing and drying process, ATP 
monitoring reported 0 RLU data. The same results recurred for the following 10 days and 12 weeks. 

4.2. Conductivity and pH analysis 

All pH measurements remained stable at pH 8 in all samples before and after treatment, without variations. Regarding conductivity 
(Fig. 2), during the three repetitions performed on the nine samples variability has been very low, with a standard deviation from 0 to 
2 μS, with a standard deviation mean of 1 μS. Conductivity increased in all cases after consolidation experiments. Results showed that 
conductivity increases between 154 and 247 μS with an average of 201 μS and with a standard deviation of 34,02 μS. Results reported 
an increase between 87.50% and 139.55%, with a total arithmetic average of 104.89% and a standard deviation of 17,92%. 

Simultaneous test tube analyses revealed pH increases during treatment. Results showed a progressive gain from pH 8 to pH 8.4 on 
the fifth day of treatment. On the sixth day pH decreases to pH 8.2, and on the seventh day to pH 8.1 (Fig. 3). 

4.3. Weight increase analysis 

Weight increases were observed in all samples (Fig. 4). During the three repetitions performed on the nine samples, variability was 
very low, with a standard deviation from 0.0001 to 0.0010 g and a standard deviation mean of 0.0005 g. The weight increase ranged 
between 0.0196 and 0.0539 g with an average of 0.0321 g and a standard deviation of 0.0102 g. In percentage terms, the increase 
ranged between 0.27% and 0.96%, with a total arithmetic average of 0.44% and a standard deviation of 0.20%. 

4.4. Spectrophotometry analysis 

During the three measurements performed on the nine samples, variability was very low, with a standard deviation from 0 to 0.25 
points and a standard deviation mean of 0.04 points. Initially samples were very close to white, with L* values between 77 and 88, a* 
values between 1 and 4, and b* values between 8 and 16 (a clear white with some red and brown tones due to slight clay traces). After 
treatment (Fig. 5), when Delta coordinates were calculated (ΔL*, Δa*, Δb* and ΔE*), luminance changes (ΔL*) were irrelevant. Five 
samples darkened slightly and four became lighter, but values below ΔE* = 5 indicate that changes cannot be seen by the human eye 
[80–82]. ΔE* data range between 1.7 and 5.91 with a total arithmetic average of 3.7 and a standard deviation of 1.45 points. 

Almost all samples increased their value in a* and b* parameters, tending to veer towards yellow and red, but within the 
imperceptible range (Fig. 5). Two samples showed perceptible changes to the human eye, since ΔE* > 5, but only by a few tenths (ΔE* 
= 5,12; ΔE* = 5,91). 

Fig. 5 shows ΔL*, Δa*, Δb* and ΔE* coordinates. Samples close to 0 have hardly changed at all. The ΔE* > 5 data are located in the 

Fig. 3. Daily pH changes during the seven-day bioconsolidation treatment in three simultaneous pH tests tube analyses.  
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upper area, highlighting in a light red band the samples that have changed significantly, exceeding tolerance index set in this research. 

4.5. SEM analysis 

Untreated control samples showed a compact structure in section, with poorly connected pores and some fissures (Fig. 6a). Surface 
appears slightly altered in section with no observable surface layers. (Fig. 6c). On surface (Fig. 6b) the characteristic fossil topography 
of calcium phosphate (hydroxyapatite), a basic component of bone remains, can be seen. Angular crystals can also be seen forming the 
surface (Fig. 6b). EDX analysis provides a spectrum that gives both on surface and inside the samples: carbon, phosphorus and calcium 
(Fig. 6d), attributable to typical hydroxyapatite laminar bone [83] and therefore to the original fossil carbonated calcium phosphate. 

After treatment, induced calcium carbonate deposition, penetration depth and compositional and textural changes were observed 
in all samples. A surface layer of lighter chemical contrast was visible. This layer measures from 4 to 10 μm (minimum and maximum) 
but from 6 to 9 μm in most samples (in seven of the nine samples), with a mean of 7.44 μm and a standard deviation of 1.94 μm (Fig. 7). 
The newformed layer appears as a differentiated material (Figs. 7 and 8) which was not present in control samples (Fig. 6). 

Two main spots were analysed by EDX: one on the surface (spot 1) and one inside the fossil (spot 2) for elemental comparison 
(Fig. 8a). EDX spectrum showed some differences between the surface layer (spot 1) and the internal area (spot 2). Although EDX is 
primarily a qualitative analysis, it is also semi-quantitative, thus it can be approximated than in the new surface layer (spot 1) more 
carbon and calcium, and traces of phosphorus were observed (Fig. 8b). However, in the internal area (spot 2), a spectrum similar to the 
controls was obtained (Figs. 8c and 6d). 

In SEM sections, cast holes left by bacteria when coated with calcium carbonate were clearly observed. These holes were measured 
and results corresponded to M. xanthus regular size, between 1 and 3 μm in length and 0.5 μm in diameter (Fig. 8d). 

New calcium carbonate did not penetrate into the substrate, remaining on the surface. 
For surface textural study, calcified bacterial cells (cbc) were clearly observed (Fig. 9). Some of the rounded formations (cbc) were 

measured again and were coincident with M. xanthus regular dimensions (Fig. 9b). Some biofilm formation was detected in all cases. 
No carbonate precipitation appeared in control treated samples, performed with uninoculated M-3P media. 

4.6. Powder X-ray diffraction analysis 

Untreated fossil showed the presence of hydroxyapatite and calcite (Fig. 10d) as would be expected in a highly carbonated fossil. 
Hydroxyapatite was found in higher proportion than calcite, the relative mass fraction being 56:44. 

By contrast, although bioconsolidated layers also presented calcite and hydroxyapatite (Fig. 10a–c), coinciding with EDX analysis, 

Fig. 4. Above: initial and final weight data of all samples and their statistics. Below: weight variations after M. xanthus treatment: initial and final 
mean weight for each sample. 
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Fig. 5. Colour variations after M. xanthus treatment between average L*a*b* data: ΔL* Δa* Δb* ΔE* and ΔE*. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. SEM-BEI and SEM-SEI photomicrographs and EDX spectrum of control untreated samples. (a) Control C1 sample surface section at 1500x. 
(b) Control C2 sample surface image at 3000x. (c) Control C1 sample surface section at 8000x. (d) EDX surface spectrum corresponding to control C2 
sample: carbon, phosphorus and calcium. 
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Fig. 7. SEM-BEI photomicrographs of M. xanthus inoculated sample B-SEM2 and B-D6. (a) Sample B-SEM2 surface section at 8000x. In red, 
thickness measurements of the newformed layer. (b). Sample B-D6 surface section at 4000x. In red, thickness measurements of the newformed layer. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. SEM-BEI photomicrographs and EDX spectrum of M. xanthus inoculated sample B-SEM2. (a) Sample surface section. The border between the 
newly formed layer and the original fossil surface is marked by a red line. (b) EDX spot 1 spectrum corresponding to the newly formed layer. (c) EDX 
spot 2 spectrum corresponding to fossil internal area: carbon, phosphorus and calcium comparable to control samples. (d) Sample surface section. 
Holes left by bacteria when coated with calcium carbonate. These cast spaces corresponded to M. xanthus regular size, between 1 and 3 μm in length 
and 0.5 μm in diameter. Over the new layer, with differentiated chemical contrast, small biofilm residues can be observed. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. SEM-SEI photomicrographs of M. xanthus inoculated sample B–O1 and B–O3. (a) Sample B–O1 surface image. Calcified bacterial cells (cbc). 
(b) Sample B–O3 surface image. Calcified bacterial cells (cbc) measured. 

Fig. 10. XRD diffractograms of samples B-D4 (a), B–O2 (b) and B-SEM3 (c). Combined diffractogram of all samples compared to the control (d).  
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they showed a higher proportion of calcite, the relative mass fraction being 42:58 (58 is the average for the three samples, standard 
deviation: 10%) (Fig. 10d). 

4.7. Drop absorption analysis 

During the nine measurements performed on the nine samples prior to consolidation, a standard deviation from 0.21 to 0.60 s and a 
standard deviation mean of 0.39 s was obtained. After consolidation, a standard deviation from 0.25 to 1.14 s and a standard deviation 
mean of 0.46 s was recorded. 

Drop absorption time increased in all cases (Fig. 11). After treatment, absorption times performed an augmentation of between 
160.14 and 397.38 s with an average of 274,07 s and a standard deviation of 75.55 s. Consequently, original absorption times were 
multiplied from 7.35 times to 37.97 times with an average of 13.22 times and a standard deviation of 9.66. 

4.8. Vickers microindentation hardness analysis 

Surface hardness increased significantly compared to control values (Fig. 12). Original control hardness showed average results of 
0.016 kg/mm2. After treatment, values averaged 0.028 kg/mm2, which is an increase of 75%. 

On bioconsolidated samples, standard deviations range from 0,002 to a maximum of 0,012 kg/mm2 with a standard deviation 
average of 0,007 kg/mm2. 

4.9. Disaggregation tape test 

Fossil surface disaggregation was analysed before and after treatment. Significant variations were observed in the weight of de-
tached fossil particles before and after bioconsolidation. After treatment, a large decrease in surface disaggregation was seen (Fig. 13). 
Samples initially released a considerable number of particles, ranging from dust particles to small fragments of 0.5 mm, but in the final 
tests, fossil surface was very cohesive, with no fragments detached and almost no loose particles. 

The weight of detached particles decreased in all cases (Fig. 13). Tape test samples performed weight reduction around 0.0018 and 
0.0095 g, with an average of 0.005 g and a standard deviation of 0.0022 g. In percentage terms, that means a decrease of between 
61.04% and 100%, with a total arithmetic average of 75.24% and a standard deviation of 13.83%. 

5. Discussion 

In this study M. xanthus induced calcium carbonate precipitation on fossils as evidenced in SEM and XRD analysis (Figs. 7 and 8). 
Compositional and textural changes were observed in all samples, in particular a surface layer of lighter chemical contrast was visible 
(Fig. 7). 

Other signs indicating calcium carbonate precipitation have been observed, such as pH increase during the experiments. As 
explained in section 2, M. xanthus metabolic activity involved in MICP is closely related to pH. This could be observed in the pH ranges 
during the first five days of fossil consolidation treatment: between 8 and 8.4 and then a decay to 8.1 the last days [section 4.2, Fig. 3]. 
According to Rodríguez-Navarro et al. [24], it was proven that pH decrease starts when calcium carbonate precipitation rate is nearing 
its maximum value. Thus, pH decrease due to the precipitation of calcium carbonate [50]. 

As observed with EDX analysis (Fig. 8) the newly formed layer was very similar in composition to the original fossil. A calcite 
organic-inorganic cement compositionally similar to that formed in fossil remains over millennia has been obtained. Hydroxyapatite 
was also detected in low relative proportions to the original fossil. Bacterial consolidation replicates microbial permineralization 
during the fossilisation process. Indeed, most fossils consist of biomineralized remains [28]. In this respect, this bioconsolidation 
experiment was highly compatible with the original fossil. 

As observed in PXRD, newly formed layers consist of calcite and hydroxyapatite, similar to the original untreated fossil, but with a 
higher presence of calcite and a lower presence of hydroxyapatite. Significant amounts of hydroxyapatite in the bacterially created 
layer can be explained in three ways. Firstly because of the difficulty of removing only the consolidated part in the irregular samples 
during PXRD sampling. Despite this, a decreasing trend in hydroxyapatite was observed and an increase in calcite, which was also 
noticeable in the EDX element identification (Figs. 6 and 8). On the other hand, the presence of small amounts of hydroxyapatite in this 
new layer may also be explained for the pulverulence of the samples surface prior to consolidation. The new layer bound the surface 
pulverulence as shown in the disaggregation tape test [section 4.9]. Finally, the presence of small amounts of hydroxyapatite created 
by M. xanthus bioconsolidation was also documented in the literature [24] and may also be related to the interaction of bacterial 
metabolic activity with the fossil surface. 

Regarding bacterial monitoring [section 4.1], results demonstrated massive presence of M. xanthus in all samples during treatment. 
In terms of contaminations, no other bacteria grown on samples was found, so the treatment proved to be controllable and safe. 

After treatment, ATP assay confirmed no live bacteria remains on fossil surfaces. In this case, after rinsing and drying, ATP 
monitoring reported 0 RLU data. The same results were repeated for the following 10 days and 12 weeks, so M. xanthus treatment 
proved to be totally safe. Thus, it was demonstrated that treatment can be stopped at any time by rinsing and drying. Bacteria died and 
therefore the treatment is consistent. 

Both the composition of precipitated calcite and the safety of using a single type of bacteria, eradicated after rinsing and drying, 
make the treatment very stable over time. Inorganic materials are very resistant to ageing and deterioration in contrast to polymeric 
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resins usually used. Furthermore, it was demonstrated that bacterially induced calcite exhibited greater resistance to dissolution 
(against water and acids) than inorganically precipitated calcite [24,84]. 

According to SEM analysis, M. xanthus calcium carbonate cement has not penetrated into the substrate (Figs. 7 and 8). The newly 
formed layer has been developed just on top of the fossil surface with a 6–9 μm thickness (Fig. 7). Null penetration may be due to fossil 
intrinsic characteristics. This specimen has low cortical porosity and very small pore size, smaller than bacteria (Fig. 6). Therefore, 
bacteria cannot penetrate through the substrate. By contrast, some studies have shown that bioconsolidation by M. xanthus penetrated 

Fig. 11. Absorption time variations after M. xanthus treatment: initial and final mean absorption time for each sample.  

Fig. 12. Vickers microindentation hardness analysis: original (control untreated samples) and after bioconsolidation treatment.  

Fig. 13. Left: Tape test initial and final detached weight data and their statistics. Right: Detached particles weight variations after M. xanthus 
treatment: initial and final detached particles weight for each sample. 
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up to 1 mm, and with a surface layer of 10–50 μm, but this is referred to on porous limestone samples [24]. However, as the treated 
fossil only presented superficial disaggregation but not deep disintegration, the treatment was effective and adequate. 

In surface textural analysis, calcified bacterial cells (cbc) were clearly observed corresponding to the nucleation areas for mineral 
deposition (Fig. 9). Cbc and cast holes had a shape and size ascribable to M. xanthus (Fig. 9b). PXRD analysis combined with EDX allows 
to state that the layer created on bioconsolidated samples consists of calcite binding the disintegrated fossil particles together. 

Although M-3P culture media considerably reduces EPS biofilm formation according to Rodríguez-Navarro et al. [24] some biofilm 
formation was detected in all cases (Fig. 8). According to González-Muñoz [53], non-massive EPS biofilm can have a positive effect on 
surface cohesion due to their binding action as long as they do not block the pores [53]. 

In terms of treatment’s consolidation effects, this methodology provides encouraging hardening and cohesion data (Figs. 12 and 
13). Regarding cohesion, a large decrease in surface disaggregation was observed (Fig. 13). Most of the disaggregated surface particles 
were bound together by the formation of a calcium carbonate surface layer (6–9 μm). Fossil surface became very cohesive, with no 
fragments detached and almost no loose particles. In percentage terms, that means an average decrease of 75.24%. 

These are the main factors to be assessed in fossil surface consolidation. Improvements in hardness and cohesion are generally 
necessary to preserve the morphology and integrity of decayed fossils. In this respect, this treatment proves to be most appropriate. 
However, to further assess its suitability, it is necessary to consider the characteristics of the fossil that should not be altered by the 
treatment. 

Consolidating treatments should not cause material incompatibility, pore clogging, significant aesthetic changes, substantial 
weight changes, noticeable physicochemical alterations or film surface formation. In this research, although changes in porosity and 
absorption behaviour were monitored (Fig. 11), no total blockage occurred in any sample. The layer formed was porous and het-
erogeneous, thus allowing permeability (Figs. 7 and 8). 

Concerning colour and brightness changes, these were minimal and imperceptible (Fig. 5) with values that cannot be seen by the 
human eye (ΔE < 5) [80–82]. Only two samples slightly exceed the tolerance index set in this research, showing an almost imper-
ceptible yellowing. It is possible to say that M. xanthus bioconsolidation made no or hardly any alteration to the aesthetic appearance. 
This can be attributed to the fact that the newformed calcium carbonate layer is very thin (6–9 μm) and transparent. 

With regard to weight changes, samples performed some gain with an average of 0.44% (Fig. 4). It is a slight and natural increase 
due to the thin calcium carbonate layer formation. In any case it isn’t an increase that could endanger the integrity of the fossil or lead 
to pore clogging [24]. 

Although small pH variations occurred during treatment, because of metabolic alkalinisation and calcium carbonate precipitation 
(Fig. 3), fossil pH remained stable after rinsing and drying. At the end of the experiment pH was identical to the original fossil pH: 8. 
This is a positive aspect considering that heritage treatments must have adequate pH and conductivity, slightly alkaline pH and 
isotonic conductivity similar to the original fossil to prevent calcium carbonate and calcium phosphate solubility damage [85,86]. 

Conductivity increased in all cases (Fig. 2) but this is to be expected considering that a calcium carbonate organic-inorganic layer 
has been created (and by the culture media addition). Even with this increase, conductivity data were still standard and close to 
isotonicity according to current conservation-restoration criteria [85,86]. In addition, calcium carbonate is a fairly insoluble salt, (pKsp 
8.54) so it will not migrate or create cyclic salt dissolution-recrystallisation problems. 

6. Conclusions 

This research proves that calcium carbonate precipitation induced by MICP has a positive effect on the protection of carbonate 
fossil heritage. Consequently, it is an effective consolidation treatment for decayed carbonate fossils and highly compatible with the 
substrate, providing good hardening and cohesion. 

Furthermore, treatment does not generate pore clogging, noticeable aesthetic changes, significant weight increase, chemical 
alteration or film surface formation: the main properties that consolidation treatments should not alter. 

This methodology outperforms traditional polymeric treatments because it reaches the compatibility, minimum intervention, 
retractability and stability of conservation criteria. 

Regarding its applicability, this methodology is not as simple as applying a polymeric resin by brush. It requires about 7 days of 
treatment and the conservator-restorer needs some training in microbiology, otherwise, a microbiologist or laboratory support may be 
required. Even so, the advantages far outweigh these minor difficulties and treatment is simple and quick. On the other hand, im-
mediate bacterial monitoring systems such as ATP luminometer analysis make interventions easy even on site. In addition, M. xanthus 
calcium carbonate precipitation is a non-toxic and environmentally friendly consolidation treatment. 

For all these reasons, this research represents a new approach to consolidation alternatives in the palaeontological conservation 
field. Until now, bioconsolidation research has focused on stone and wall paintings, but never on paleontological and fossil heritage. 
Now, M. xanthus induced calcium carbonate precipitation is proposed as an innovative strategy on palaeontological heritage 
conservation. 

However, more research to develop this new conservation treatment is needed. Future research should be focused on higher 
porosity fossil supports to test if higher penetration is possible as referred to in literature. On the other hand, new research lines could 
involve the use of fossil endogenous bacteria to achieve an even more compatible treatment. And to advance in this proposal, bacterial 
consolidation should also be tested on other kinds of fossil specimens, non-fossilised bone and ivory remains and objects. 
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Manuel Ángel Iglesias-Campos: Conceived and designed the experiments; Performed the experiments; Contributed reagents, ma-
terials, analysis tools or data; Wrote the paper. 

Data availability statement 

Data included in article/supp. material/referenced in article. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper 

Acknowledgements 

We thank Leonardo Arosemena, Research Support Technician in VO-279 Laboratory (Applied and Environmental Microbiology 
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[54] M.T. González-Muñoz, N. Ben Omar, M. Martínez-Cañamero, M. Rodríguez-Gallego, A. López-Galindo, J.M. Arias, Struvite and calcite crystallization induced by 
cellular membranes of Myxococcus xanthus, J. Cryst. Growth 163 (1996) 434–439, https://doi.org/10.1016/0022-0248(95)01011-4. 
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