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Abstract

Although it has already been shown that calcareous stone can be consolidated by using a bacterially inoculated culture medium, a
more user-friendly method is the in situ application of a sterile culture medium that is able to activate, among the microbial community
of the stone, those bacteria with a potential for calcium carbonate precipitation. In order to test this new method for stone consolidation,
non-sterilized decayed porous limestone was immersed in sterile nutritional media. Results were compared to those of the runs in which
stone sterilized prior to the treatment was used. The effects of the microbial community on stone consolidation were determined by
recording the evolution of the culture media chemistry. The treated stone was tested for mechanical resistance and porosity. Results dem-
onstrate that the tested media were able to activate bacteria from the microbial community of the stone. As a consequence of the growth
of these bacteria, an alkalinization occurred that resulted in calcium carbonate precipitation. The new precipitate was compatible with
the substrate and consolidated the stone without pore plugging. Therefore, a good candidate to in situ consolidate decayed porous lime-
stone is the application of a sterile culture medium with the characteristics specified in the present study.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Bacterially induced mineralization has recently emerged
as a method for protecting and consolidating decayed orna-
mental stone, which offers noticeable advantages compared
to traditional restoration procedures (Tiano et al., 1999).
Castanier et al. (2000) found that Bacillus cereus was able
to induce extracellular precipitation of calcium carbonate
on decayed limestones. Rodriguez-Navarro et al. (2003)
tested the ability of Myxococcus xanthus to induce calcium
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carbonate precipitation on sterilized porous limestone, find-
ing that (i) a coherent carbonate cement of 10–50 lm coated
the treated stones; (ii) the new cement was compatible with
the substrate; and (iii) this cement was rooted down to a
depth of 1 mm while at the same time stone porosity
remained completely unaltered. The higher depth reached
compared to Castanier’s method is probably linked to the
gliding motility that displays M. xanthus, which allows
the bacterium to move deeply into stone pores, thus pro-
moting both surface and in-depth consolidation. Another
advantage is that, in the experimental conditions tested,
M. xanthus decays without forming a resistant stage when
nutrient feeding is discontinued. This considerably reduces
the probability of undesirable uncontrolled growth when
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the nutrient supply is accidentally restored. The newly
formed bacterial cement was more resistant to mechanical
stress, i.e. more consolidated, than the original carbonate.
All of these advantages over traditional organic and inor-
ganic protection and consolidation treatments have opened
an array of practical options for the conservation of orna-
mental stone. However, no studies have yet focused on
the consequences for stone consolidation of the application
of an M. xanthus-inoculated culture medium to a degraded
stone where microbial community is not eliminated.

Decayed stones in sculptural and architectural heritage
are already colonized by microbial communities whose
members have a potential for mineral precipitation (e.g.
Urzi et al., 1999). Microorganisms can induce extracellular
precipitation of calcium carbonate through autotrophic
and heterotrophic pathways (see, e.g. Castanier et al.,
2000). In fact, it has been observed that the number of
bacteria taxa capable of producing calcium carbonate is
considerably high, among others: sulphate-reducing bacte-
ria and cyanobacteria (e.g. Warthmann et al., 2000),
zBacillus (e.g. Castanier et al., 2000; Baskar et al., 2006),
myxobacteria (e.g. Rodriguez-Navarro et al., 2003) and
Pseudomonas (e.g. Baskar et al., 2006). Therefore, a more
user-friendly method to in situ consolidate degraded orna-
mental stone could be the application of a culture medium
that activates, from within the microbial community, those
bacteria that are able to induce the precipitation of calcium
carbonate. This procedure is easier than the use of a
bacterially inoculated medium since difficulties linked to
the need of a specialized person/equipment to work with
microorganisms and/or technical requirements to ensure
optimal growth conditions would be avoided.

The aim of this study is to determine the effects of the
application of a culture medium on the consolidation of
decayed limestone whose natural microbial community
has not been eliminated. Our results would make it possible
to design a new and more easily implemented procedure for
in situ consolidation of decayed ornamental stone.

2. Material and methods

2.1. Materials

The microorganism used was Myxococcus xanthus

(strain 422, Spanish Type Culture Collection, Burjasot,
Valencia, Spain). Liquid culture media used for inoculum
(CT) and biomineralization experiments (M-3 and M-3P)
are described in Rodriguez-Navarro et al. (2003). Inoculum
was incubated on a shaker (18.85 rad s�1) for 48 h at 28 �C
to reach a cell density of 3 · 108 cells ml�1. Liquid M-3 and
M-3P culture media were filtered through a Millipore mem-
brane (0.4 lm) before sterilization. Solid M-3 and M-3P
media were prepared by adding 2% purified agar (Difco)
to filtered M-3 and M-3P.

The stone used was porous limestone collected from a
large, thoroughly decayed pinnacle, once part of the Gra-
nada Cathedral complex and recently substituted during
a conservation intervention. In restoration treatments, the
surficial layer and black crust are often removed, thus
exposing the sub-surficial layer. The stone used in this
study corresponds to the sub-surficial layer of the pinnacle.
X-ray diffraction (XRD) analyses show that the stone was
>95% calcite with <5% quartz and gypsum. Stone slabs
with 2 · 5 · 0.5 cm in size were cut out of the pinnacle
using a diamond saw. Twelve stone slabs were sterilized
and other twelve were not sterilized. To avoid an excessive
alteration of the original stone, stone slabs were sterilized
by Tyndallization (Sykes, 1969; flowing steam at 100 �C
for 1 h, four d in a row; between the steaming steps the
Petri dishes were kept at room temperature).

2.2. Methods

A volume of 100 ml of filtered M-3 liquid culture med-
ium were placed in 12 Erlenmeyer flasks. Culture medium
was sterilized by autoclaving for 20 min at 120 �C. Once
sterilized, six of the Erlenmeyer flasks were inoculated with
2 ml of M. xanthus culture. Three non-sterile stone slabs
were immersed (one per flask) in three Erlenmeyer flasks
containing M. xanthus-inoculated medium and other three
non-sterile slabs were immersed in three Erlenmeyer flasks
containing sterile M-3. Six sterile stone slabs were
immersed in the remaining six Erlenmeyer flasks following
the same distribution as the non-sterile ones. Therefore,
there were three replica of each experiment. The same pro-
cedure holds true for M3-P culture medium. Erlenmeyer
flasks were incubated at 28 �C for 30 d, at 5.97 rad s�1

(Certomat R). Evaporation rate was measured by
weighting the Erlenmeyer flask every 24 h interval. At
predetermined time intervals (0, 1, 3, 5, 7, 10, 15 and
30 d) an aliquot of 7 ml of culture media was withdrawn
from the Erlenmeyer flasks under aseptic conditions,
filtered through a Millipore membrane (0.2 lm) and kept
at �4 �C in sealed vials for chemical analysis. At the end
of the experiment (30 d), a volume of 2 ml of the culture
media was withdrawn from the Erlenmeyer flasks under
aseptic conditions, centrifuged at 1570 rad s�1 for 5 min.
After withdrawing the supernatant, the resulting pellet
was stored at �80 �C for further molecular analysis of
the microbiota growing in the culture media. Stone slabs
were collected, rinsed twice using distilled water and dried
in an oven at 40 �C for 48 h.

2.3. Analyses

Culture media pH was measured with a combination
pH electrode (Crison micropHmeter 2001). Total calcium
concentration in solution, CaT(aq), was determined by
Atomic Absorption Spectrophotometry (Perkin–Elmer
1100B), after acidifying the samples with HCl. NH3(aq)

and phosphate concentration in the culture media was
measured using the HACH DR 850 colorimeter and the
Salicylate and Amino Acids methods, respectively, follow-
ing the instructions of the manufacturer. Based on repeated
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measurements, experimental errors were: ±0.05 for pH,
±0.05 mM for CaT(aq) and NH3(aq) and ±0.08 mM for
phosphate.

Treated stone slabs were analyzed by XRD (Philips
PW1547 difractometer). Small fractions of the stone slabs
were then separated and gold-coated prior to observation
by scanning electron microscopy (SEM) (Leo Gemini LV
1530). Consolidation tests were carried out on the remain-
ing fractions of the treated stone slabs by means of measur-
ing the weight loss of the stones when they were sonicated
in deionized water for 5 min intervals, five times in succes-
sion (50 kHz ultrasonic bath, Ultrasons, 200 W; J.P.
Selecta), following the methodology described in Rodri-
guez-Navarro et al. (2003). This treatment represents wind
erosion and vibrations and measures consolidation by
means of the loss of small and movable grains. Based on
repeated measurements, analytical error was ±10%.

Changes in stone porosity and pore size distribution
were studied using mercury intrusion porosimetry (Micro-
meritics Autopore 5510). Samples were dried overnight at
80 �C prior to analysis.

2.4. Phylogenetic identification of the microbiota grown in

the culture media

The autochthonous bacteria associated with altered
ornamental stone were studied using a culture-independent
approach. DNA extraction protocol was described by
Schabereiter-Gurtner et al. (2001). Polymerase chain reac-
tion (PCR) was carried out in 25 ll volume containing
12.5 pmol of each primer, a final 200 lM concentration
of each deoxyribonucleoside triphosphate (MBI Fermen-
tas), 2.5 ll of 10· PCR buffer (100 mM Tris–HCl, 15 mM
MgCl2, 500 mM KCl; pH 8.3), 400 lg ml�1 of bovine
serum albumin (Roche Diagnostics, Mannheim, Ger-
many), 5% dymethylsulphoxide and 0.5 U of Taq DNA
polymerase (Roche Diagnostics, Mannheim, Germany).
A volume of 1.5–2 ll of the DNA extraction was used as
template DNA. PCR was performed in a Robocycler
(Stratagene, La Jolla, CA).

PCR conditions and cloning were performed as
described by Schabereiter-Gurtner et al. (2001). The
pTZ57R/T vector was used for cloning (InsT/AcloneTM

PCR product cloning kit, MBI Fermentas). The clone
libraries were screened by PCR using the standard M13
primers.

Screening for different clones was carried out by com-
paring the migration of reamplified inserts by Denaturing
Gradient Gel Electrophoresis (DGGE) analyses (Schabere-
iter-Gurtner et al., 2001). Clones showing different posi-
tions in DGGE were sequenced. The rDNA inserts were
purified and sequenced as previously described by the afore
mentioned authors. The sequences were compared with
known sequences using the FASTA search option (Pear-
son, 1990) for the European Molecular Biology Labora-
tory (EMBL) database to search for close evolutionary
relatives.
2.5. Calculations

Activities and activity coefficients for all aqueous species
were calculated using the EQ3/6 program (Wolery, 1992)
from measured values of CaT(aq), pH, phosphate and
NH3(aq) and calculated values of alkalinity, acetate and
KþðaqÞ (24.2 mM). Carbonate alkalinity could not be mea-
sured using acid-titration methods, since the acetate pres-
ent in the culture media acts as a buffer. Carbonate
alkalinity and acetate concentration at each time interval
were adjusted by means of charge balance. The former
were also adjusted in order to comply with the condition
that the pH values calculated by the program had to be
identical to those measured during the experiments. The
amount of acetate was assumed to vary within a maximum
of 5% of the initial amount, since it has not been described
that M. xanthus uses or produces any extracellular acetate.
For runs containing sterile culture media, the concentra-
tion of acetate was considered constant over time
(120.6 mM). Ion activity products (IAP) at each time inter-
val were calculated as the product of the activity of calcium
and carbonate in solution ða2þ

Caa2�
CO3Þ. Saturation state (X)

with respect to the particular mineral phase (vaterite or cal-
cite) is defined as: X ¼ IAP K�1

sp , where Ksp is the solubility
product (log Kps,vaterite = �7.913 and logKps, calcite =
�8.48) (Plummer and Busenberg, 1982). Error in satura-
tion values were calculated from experimental errors in
pH, CaT(aq), NH3(aq) and phosphate and were estimated
to be ±10%.

3. Results

Microbial growth was detected in the experiments inoc-
ulated with M. xanthus and in the experiments non-inocu-
lated with M. xanthus containing non-sterile stone. That
holds true for both culture media. The culture media in
runs containing non-sterile stone became highly dense as
a consequence of intense microbial growth. Measurements
of optical density were not performed due to the consider-
able amount of crystals suspended in the culture media.
Instead, measurements of the size of the microbial commu-
nity activated by the culture media were performed by
inoculating samples of the culture media taken at 30 d of
each experiment on Petri dishes containing solid sterile
M-3 and M3-P. Bacterial population was 108–109 colony-
forming units per ml, that holding true for each bacterium
growing in the solid culture media.

Bacterial sequence results obtained from inserted clones
showed percent of similarities in between 97.7% and
99.6% with sequences from the EMBL. Sequences obtained
from non-treated stone were phylogenetically affiliated
with Sphingomonadaceae (Sphingomonas and Novosphing-

obium), Imtechium assamiensis, Comamonadaceae (Acido-

vorax and Diaphorobacter), Actinobacteria, Corynebacterineae,
with uncultured bacterium clones inhabiting a Dolomite
aquifer and with different uncultured bacterium clones
related with degradation process (i.e. equine fecal contam-



1932 C. Jimenez-Lopez et al. / Chemosphere 68 (2007) 1929–1936
ination, contaminated groundwater). Sequences obtained
from experiments containing non-sterilized stone were phy-
logenetically affiliated with cultivated members of the
gamma-proteobacteria, Moraxellaceae (Psychrobacter sp.,

Acinetobacter) and Pseudomonadaceae (Pseudomonas sp.)
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Fig. 1. Evolution over time of the pH, CaT(aq) and supersaturation for the medi
smaller than the symbols.
and with members of the Clostridiales, Clostridiaceae
(Alkaliphilus crotonoxidans) and of the Bacillales, Paeni-
bacillaceae (Brevibacillus sp.).

The pH values of the sterile culture media containing no
stone slabs remained almost constant (at pH 8.0) (Fig. 1a
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and b). The same holds true when the culture media con-
tained sterile stone slabs. However, this was not the case
when sterile stone slabs were immersed in M. xanthus-inoc-
ulated culture media. In this case, pH values oscillated
within the first day of the experiments and rose after 15 d
to final values of 8.63 and 8.55 for M-3 and M-3P, respec-
tively. For non-sterile stone runs, final pH values were
higher compared to those corresponding to runs containing
sterile stone (Fig. 1a and b). The final pH values for the
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Fig. 2. SEM photomicrographs of: (a) non-treated porous decayed limestone
porous limestone immersed in sterile M-3P; (c) calcium carbonate precipitated
carbonate precipitated on non-sterile porous limestone immersed in M. xan

limestone and that treated with (e) M-3 and (f) M-3P both sterile and inocula
experiments containing non-sterile stones immersed in both
sterile and M. xanthus-inoculated culture media were 8.8
for M-3 and 9.4 for M-3P. In these runs, the pH increase
occurred mainly after the 10–15 d of the experiments
(Fig. 1a and b).

CaT(aq) decreased throughout the experiment in all runs.
The higher decreases occurred in the following sequence
(higher to lower): first, on non-sterile stones immersed in
M. xanthus inoculated culture media; second, on non-sterile
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; (b) detail of M. xanthus-induced calcite precipitated on sterile decayed
on non-sterile porous limestone immersed in sterile M-3; and (d) calcium

thus-inoculated M-3. Weight loss after sonication of non-treated porous
ted with M. xanthus. Wt = weight loss.
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stones immersed in sterile media; third, on sterile stones
immersed in M. xanthus inoculated media and finally, on
sterile stone immersed in sterile media (Fig. 1c and d).
The amount of new precipitated calcium carbonate, mea-
sured as the difference between the initial and final values
of CaT(aq), was higher in M-3 culture medium compared
to that in M-3P. The IAP values were about one order of
magnitude higher in M-3 runs (10�7) compared to those
in M-3P runs (10�8). Supersaturation values became lower
in most experimental runs throughout the experiment.
However, it is noticeable that such decreases show fluctua-
tions, mostly within the first 10 d of the experiments,
slightly varying thereafter (Fig. 1e and f). At the end of
the experiment, the lowest supersaturation values corre-
spond to experiments containing non-sterile stone slabs,
independently of the culture media and/or the presence of
M. xanthus.

Vaterite precipitated on stone slabs immersed in M-3,
while calcite precipitated on stone slabs immersed in M-
3P, regardless the presence of M. xanthus. Little new pre-
cipitation was detected by SEM on sterile stone slabs
immersed in sterile media. However, SEM observation of
the sterile samples immersed in M. xanthus-inoculated M-
3 or M-3P shows a newly formed cement (comparison
Fig. 2a with Fig. 2b–d). Spherulitic or needles shaped crys-
tals were observed in samples cultured in M-3. Rombohe-
dra was more abundant in samples cultured in M-3P
(Fig. 2b). This holds true for non-sterile stones immersed
in M-3 and M-3P, both sterile and inoculated with M. xan-

thus (Fig. 2c and d). In this latter case, a massive precipita-
tion of calcium carbonate was noticeable. Limited biofilm
formation was detected by SEM in all experiments. Thin
sections and SEM analyses of the treated slabs show over-
growths ranging within the interval from 30 to 400 lm.
Moreover, new cement was rooted in the original stone
down to a depth of about 1–2 mm.

Treated slabs showed in all cases more mechanical resis-
tance than non-treated ones, since the former showed a
maximum weight loss after sonication of 0.27% for M-3
runs and 0.43% for M-3P runs, while non-treated stone
slabs showed weight losses ranging from 0.63% to 0.93%
(Fig. 2e and f). Within treated stone slabs, those sterilized
showed less resistance to sonication than those non-steril-
ized. The weight loss in all cases at the end of ultrasound
treatment was under 40 mg, which is one order of magni-
tude lower than the mass of overgrowth precipitated (rang-
ing from 200 mg to 1 g). In M-3 runs, sterilized slabs lost
0.27% of the initial weight while non-sterile ones lost
0.16%, regardless the presence of M. xanthus. In M-3P
runs, sterile stone slabs immersed in sterile culture medium
lost 0.43% of the initial weight, while those immersed in
culture medium inoculated with M. xanthus lost 0.31%.
For non-sterile stone, the weight loss was 0.21% regardless
of the presence of M. xanthus.

The pore sizes and distribution of the treated stone were
highly similar to that of the non-treated stone (0.1, 5 and
26 lm), regardless of the treatment procedure (culture
medium, sterilization of the slab, inoculation with M. xan-

thus). A slight shift to lower pore sizes was detected in trea-
ted sterile slabs, being more noticeable in the biggest pores
(pore sizes from 15 to 20 lm).

4. Discussion

Culture media used in the experiments activated, among
the microbial community of the stone, those bacteria that
are able to induce the precipitation of calcium carbonate.
At the same time, the composition of the culture media lim-
its the growth of acid-producing bacteria, which are unde-
sirable since acids can actually dissolve the stone. The
principles behind the use of such culture media are as fol-
lows: activated microorganisms must alkalinize the culture
media to create favorable conditions for calcium carbonate
precipitation. In this way, the use of bacto-casitone as the
source of carbon and nitrogen favors alkalinization due
to the oxidative deamination of amino acids that results
in a release of ammonia. Such release of ammonia increases
the pH of the culture media creating an alkaline environ-
ment and thus favoring calcium carbonate precipitation.
On the other hand, the probability of acid production is
drastically reduced by avoiding carbohydrates as a carbon
supply. The acids which the use of carbohydrates could
have produced are thereby completely excluded, while the
growth of the bacteria that are able to make use of
amino-acids as sources of carbon and nitrogen is enhanced.
Moreover, the use of calcium source as calcium acetate,
allows the pair acetic/acetate to form and to act as a buffer
against pH decreases.

The habitat characteristics of the microbial commu-
nity identified in the non-treated stone (deep sediments,
dolomite formations, degradation processes) i.e. equine
fecal contaminated groundwater, aromatic hydrocarbons
(Sphingomonas, Takeuchi et al., 1993) and polyhydroxyalk-
anoates (Comamonadaceae, Hiraishi and Khan, 2003) are
consistent, firstly, with the geological/hydrological setting
of the quarry from which the porous limestone was
extracted and also, with the exposure of the ornamental
stone to urban contaminants. The quarry from which the
stone was extracted is infiltrated by waters previously per-
colated through saline strata. These waters also crosscut a
nearby dolomitic formation in lateral contact and overlap-
ping the porous limestone formation (Trias Alpujarride
Dolostones). It is therefore reasonable to find microorgan-
isms isolated from dolomite formations. Finally, the old
quarry was used during an interim period as a corral yard,
therefore, the growth of bacteria associated with fecal con-
taminated groundwater is plausible. The development of
bacteria associated to the degradation of aromatic hydro-
carbons and polyhydroxyalkanoates is also consistent with
the stone exposure to urban contaminants.

The identified stone microbial community is chemoorga-
notrophic and can grow in culture media containing amino
acids: nutrient agar (Brevibacillus brevis; Shida et al., 1996
and Bacillus; Sneath, 1986), Triptic Soy Agar (Psychro-
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bacter; Bozal et al., 2003), Synthetic Seawater medium as
modified by Takai et al. (2000) (Alkaliphilus; Takai et al.,
2001) and Brain Heart Infusion (Acinetobacter; Dominguez
et al., 2000). Such bacteria can also grow within the pH
ranges and temperature of our experiments. Therefore,
the culture media and the physical–chemical conditions
of our experiments are compatible not only with the
growth of the afore mentioned bacteria, but they also pro-
vided adequate conditions for the culture media alkaliniza-
tion. In fact, some of these bacteria have been previously
reported to produce calcium carbonate in other media
and in nature: Pseudomonas and Bacillus (Castanier
et al., 2000; Baskar et al., 2006). The effect of the activated
bacteria, as well as that of M. xanthus can be followed by
the evolution of the solution pH. Solution pH may increase
as a result of (i) bacterial metabolism, (ii) CO2(g) degassing
and (iii) dissolution of solid carbonate, while pH values
decrease as a consequence of calcium carbonate precipita-
tion. Both M. xanthus and bacteria activated in the micro-
bial community can use amino acids, thus inducing a
release of NH3, increasing pH and, therefore, CO2�

3ðaqÞ con-
centration. When a sufficient supersaturation with respect
to a particular calcium carbonate phase is reached, the pre-
cipitation of such a phase is induced (Rodriguez-Navarro
et al., 2003). It is worth mentioning the strong alkaliniza-
tion induced by the sole action of M. xanthus, which, in
M-3, is comparable to that created by the added efforts
of the microorganisms from the microbial community.

Other factors like the degassing of CO2(g) from the cul-
ture media and dissolution of the slab also may account for
pH increases. Based on the measured evaporation rate
(0.5 ml d�1), CO2(g) degassing occurred during the entire
experiment while dissolution of the slab only occurred in
experiments containing sterile stone immersed in sterile cul-
ture media and only within the first stages of the experi-
ment (according to CaT(aq) data). Therefore, changes in
pH over time are mainly related to bacterial metabolism
and calcium carbonate precipitation. The higher pH values
of the M-3P experiments are related to an enhanced bacte-
rial metabolism which is according to a high cell density in
this culture medium. This is in agreement with the higher
ammonia concentration detected over time in M-3P
(55 mM versus 50 mM in M-3). Moreover, the higher cal-
cium carbonate precipitation that occurred in M-3 is also
probably responsible for the lower pH values observed in
this medium.

Heterogeneous precipitation of solid carbonate occurred
on all slabs during the time course of the experiments, as
indicated by the gradual decrease in CaT(aq) values. The
most intense precipitation of calcium carbonate that
occurred in experiments containing bacterial cells can be
explained by the added effects of the metabolic activity of
the cells as well as by the role of bacteria as nuclei for crys-
tallization (Rodriguez-Navarro et al., 2003). The higher the
number of cells, the higher the number of crystallization
nuclei and the faster the precipitation of calcium carbonate
occurs. It has been shown that bacteria act as a highly reac-
tive geochemical interface (Rodriguez-Navarro et al.,
2003). Bacteria are probably linked to the stone surface
by their extracellular polymeric substances, which attached
Ca2+. Since Ca2+ is not likely to be used in large quantities
by intracellular microbial metabolic processes (Rosen,
1987), it accumulates outside the cell and bonds to carbon-
ate ions, resulting in CaCO3 precipitation, both as calcite
or vaterite.

Considering that vaterite has a higher solubility than the
more stable calcite (Ogino et al., 1987), it should be
expected that the durability of the newly formed carbonate
cement and the degree of consolidation achieved upon
vaterite precipitation would be lower than that of bacterial
calcite. However, our results show similar degrees of con-
solidation in both cases (Fig. 2e and f). Several parameters
like stability of the new precipitate, epitaxial growth, crys-
tal size and biofilm formation may account for the stone
consolidation. Regarding the first parameter, vaterite is
stabilized by the incorporation of organics within the new
precipitate (Rodriguez-Navarro et al., 2007). In contrast,
structural matching between bacterial calcite and the lime-
stone substrate enables epitaxial growth while this is not
the case when the new cement is vaterite. However, ripen-
ing of the new precipitate did occur and resulted in the for-
mation of bigger crystals, and this is particularly important
in M-3. The higher IAP values detected in M-3 culture
medium compared to those of M-3P may trigger a more
intense nucleation of small crystals. These crystals, being
more unstable, dissolve with time giving rise to larger crys-
tals, following an Ostwald Ripening process (Ogino et al.,
1987). Such effect, obviously, enhances stone consolidation
by means of creating fewer small loose grains. The Ripen-
ing process is in accordance with fluctuation in the super-
saturation values in both M-3 and M-3P culture media
(Fig. 1e and f). Supersaturation values rise as a conse-
quence of increases in pH and alkalinity induced by bacte-
rial metabolism and/or dissolution of previously formed
calcium carbonate, while such values become lower when
calcium, carbonate and/or pH decrease due to the precipi-
tation of calcium carbonate. While the individual effects of
bacterial metabolism and calcium carbonate dissolution
cannot be disentangled in bacterially bearing runs, the
dissolution of a previously formed calcium carbonate and
re-precipitation can be observed in the fluctuations of the
saturation values in those runs containing sterile stone
immersed in sterile culture media (Fig. 1e and f). The Ost-
wald Ripening process may therefore also account for the
higher degree of consolidation of sterile stone immersed
in sterile culture media compared to non-treated stone.

Even though the microbial community induced the most
intense calcium carbonate precipitation, it is noticeable
that the sole effect of M. xanthus accounts for the 80–
85% of the total precipitation. The inoculum size of M.

xanthus at the beginning of the experiment (106 cells ml�1)
enables the precipitation of calcium carbonate since the
very first stages of the experiment, while bacteria from
the microbial community require time to become activated



by the application of the sterile culture media and to
produce calcium carbonate. Therefore, the presence of
M. xanthus could be an advantage in those restoration
interventions in which time is an issue and fast formation
of calcium carbonate is required. However, once bacteria
from the microbial community are activated, their effects
become more noticeable than that of M. xanthus. Being
their generation time much faster than that of M. xanthus,
at a given time, activated bacteria reach a higher cell num-
ber than that reached by M. xanthus, thus enhancing met-
abolic activity and the number of nuclei available for
heterogenous nucleation.

These results show that the culture media used in this
study are able to activate bacteria from the microbial com-
munity that, in turn, induced the precipitation of calcium
carbonate on porous limestone. Such a precipitate was
compatible with the limestone substrate and consolidated
the stone without pore plugging. Calcium carbonate pre-
cipitation was slightly enhanced when the culture media
was inoculated with M. xanthus. According to our experi-
ments, the application of a culture medium with the char-
acteristics specified in this study is a more user-friendly to
the in situ consolidation of decayed ornamental stone than
other methods based on bacterially inoculated culture
media used so far.
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