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Bacterially mediated mineralization of vaterite

Carlos Rodriguez-Navarro a,*, Concepcion Jimenez-Lopez b, Alejandro Rodriguez-Navarro a,
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Abstract

Myxococcus xanthus, a common soil bacterium, plays an active role in the formation of spheroidal vaterite. Bacterial production of
CO2 and NH3 and the transformation of the NH3 to NH4

þ and OH�, thus increasing solution pH and carbonate alkalinity, set the phys-
icochemical conditions (high supersaturation) leading to vaterite precipitation in the microenvironment around cells, and directly onto
the surface of bacterial cells. In the latter case, fossilization of bacteria occurs. Vaterite crystals formed by aggregation of oriented nano-
crystals with c-axis normal to the bacterial cell-wall, or to the core of the spherulite when bacteria were not encapsulated. While preferred
orientation of vaterite c-axis appears to be determined by electrostatic affinity (ionotropic effect) between vaterite crystal (0001) planes
and the negatively charged functional groups of organic molecules on the bacterium cell-wall or on extracellular polymeric substances
(EPS), analysis of the changes in the culture medium chemistry as well as high resolution transmission electron microscopy (HRTEM)
observations point to polymorph selection by physicochemical (kinetic) factors (high supersaturation) and stabilization by organics, both
connected with bacterial activity. The latter is in agreement with inorganic precipitation of vaterite induced by NH3 and CO2 addition in
the protein-rich sterile culture medium. Our results as well as recent studies on vaterite precipitation in the presence of different types of
bacteria suggest that bacterially mediated vaterite precipitation is not strain-specific, and could be more common than previously
thought.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Bacterially induced or mediated carbonate mineraliza-
tion is thought to be important in a range of processes
including atmospheric CO2 budgeting (Braissant et al.,
2002; Ehrlich, 2002), carbonate sediment and rock forma-
tion (Riding, 2000; Ben Chekroun et al., 2004), biogeo-
chemical cycling of elements (Banfield and Nealson, 1997;
Ehrlich, 2002), metal-contaminated groundwater bioreme-
diation (Warren et al., 2001; Fujita et al., 2004; Mitchell
and Ferris, 2005, 2006) and conservation of ornamental
stone (Rodriguez-Navarro et al., 2003). Calcite and arago-
nite are the most common microbial carbonates (Ehrlich,
2002). Interestingly, microbial biscuits of vaterite, the rare
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metastable CaCO3 polymorph (Lippmann, 1973), have
been found in a lake (Giralt et al., 2001), while in vitro bac-
terially mediated vaterite precipitation has also been
reported (Rivadeneyra et al., 1991; Groth et al., 2001; War-
ren et al., 2001; Braissant et al., 2002, 2003; Cacchio et al.,
2003; Rodriguez-Navarro et al., 2003; Hammes et al., 2003;
Sanchez-Moral et al., 2003; Ben Chekroun et al., 2004; Riv-
adeneyra et al., 2006). These occurrences suggest that bac-
terial vaterite precipitation is more common than
previously thought. Nonetheless, it is not fully understood
how bacteria induce or mediate the formation of such an
unusual CaCO3 polymorph (Lippmann, 1973). Although
it is well established that calcium carbonate polymorph
selection and crystal orientation in higher organisms such
as bivalves is biologically controlled (Belcher et al., 1996;
Falini et al., 1996), it is unknown whether such remarkable
control exists in prokaryotes. Elucidating how bacterial
vaterite mineralization occurs may have far reaching
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implications: it may lead to a better understanding of
microbial carbonate mineralization, and help identify bio-
signatures both on Earth and elsewhere. Furthermore, it
may shed light on the ‘‘calcium carbonate polymorphism
problem’’, which is one of the biggest challenges in the field
of biomineralization (Falini et al., 2005).

Vaterite typically precipitates in a spherical shape when
grown in the laboratory from highly supersaturated and
moderately alkaline solutions (Ogino et al., 1987; Kralj
et al., 1997; Vecht and Ireland, 2000). It has a hexagonal
structure (Meyer, 1969) and it is unstable under practically
all known conditions (Friedman et al., 1993). The latter is
caused by the higher solubility (Plummer and Busenberg,
1982) and lower density of vaterite as compared to those
of calcite and aragonite (Lippmann, 1973). In aqueous
solution vaterite rapidly transforms into one of the latter
phases (Kralj et al., 1997; Spanos and Koutsoukos,
1998). Only at 1 atm pressure and T 6 10 �C has vaterite
been described as a stable phase of CaCO3 (Albright,
1971). Nonetheless, it appears that for reasons yet un-
known vaterite is more stable than previously thought
(Friedman et al., 1993).

In nature vaterite has been found in calcareous sedi-
ments (Benton et al., 1963), metamorphic rocks (McCon-
nel, 1960) and drilling muds (Friedman and Schultz,
1994). It has also been found in portland cement (Cole
and Kroone, 1959), ancient plasters (ca. 700 BC) of the Si-
loam Tunnel, Jerusalem (Frumkin et al., 2003) and in mor-
tars of the Florence Cathedral (Signorelli et al., 1996).
DuFresne and Anders (1962) reported vaterite presence
in Pesyanoe meteorite, although it was unclear whether it
was terrestrial or antecedent in origin. Despite such occur-
rences, some controversy exists regarding whether vaterite
can precipitate inorganically from natural waters (Lucas
and Andrews, 1996). Nonetheless, inorganic vaterite pre-
cipitation in the Canadian Arctic has been recently report-
ed (Grasby, 2003).

Most natural occurrences of vaterite are associated with
biogenic activity (Lippmann, 1973; Lowenstam and Wei-
ner, 1989; Mann, 2001). This is the case for abnormally cal-
cified tissues, including regenerated damaged gastropod
shells (Mayer and Weineck, 1932) and human pathological
concretions such as gallstones (Sutor and Wooley, 1968;
Bassi et al., 1994; Bogren et al., 1995; Palchik and Moroz,
2005), pancreatic stones and cloggings in human heart
valves (Kanakis et al., 2001). Vaterite is sometimes found
in hard tissues of some marine organisms (Lowenstam
and Abbott, 1975), egg-shells of gastropods (Hall and Tay-
lor, 1971) and birds (Dennis et al., 1996), vertebrate otoco-
nia (Wright et al., 1982), crustacean statoliths (Ariani et al.,
1993), and fish otoliths (David et al., 1994; Oliveira et al.,
1996; Falini et al., 2005).

The presence of organic molecules associated with living
organisms seems to aid vaterite formation and/or stabiliza-
tion. In fact, in vitro precipitation of vaterite is generally fa-
vored over more stable calcite and aragonite when organic
macromolecules are present (Mann et al., 1988, 1991;
Rajam et al., 1991; Falini et al., 1998, 2000; Mann, 2001;
Naka and Chujo, 2001). Vaterite precipitation is promoted
by organic polymeric substances (Naka and Chujo, 2001),
particularly those including carboxylic groups (Dalas et al.,
1999; Agarwal and Berglund, 2003; Braissant et al., 2003;
Ichikawa et al., 2003; Tong et al., 2004; Grassmann and
Löbmann, 2004; Malkaj and Dalas, 2004), phosphonates
(Dupont et al., 1997; Sawada, 1997), sulfonates (Jada and
Verraes, 2003), and amino acids (Manoli et al., 2002; Xie
et al., 2005). Surfactants (anionic) also induce vaterite for-
mation (Walsh et al., 1999; Shen et al., 2005a). Besides the
typical spheroidal structure (Cölfen and Antonietti, 1998),
organics also induce in vitro precipitation of vaterite struc-
tures with a variety of complex shapes: e.g., dumbbell
(Cölfen and Qi, 2001), fried-egg and flowerlike (Rudolf
and Cölfen, 2003; Liang et al., 2004), torus and spongelike
(Walsh et al., 1999), lenticular (Gehrke et al., 2005), plate-
like (Dupont et al., 1997), cakelike (Chen et al., 2006), and
wirelike (Balz et al., 2005).

However, the role of organic molecules on vaterite
growth and stabilization is still controversial. Basically,
two explanations have been suggested for organics-induced
vaterite precipitation/stabilization: (a) organics act as a
template for vaterite heterogeneous nucleation (Mann
et al., 1988; Mann, 2001), and (b) organic molecules inhibit
the transition from metastable to stable phases (Sawada,
1997; Xu et al., 2004; Lakshminarayanan et al., 2005). In
the first case, a structural matching between the organic
molecules and specific (hkil) planes of vaterite leads to
the heterogeneous crystallization (epitaxy) of this metasta-
ble phase (Mann, 2001). In the second case, the Ostwald
step sequence is stopped at one of its intermediate stages:
i.e., amorphous calcium carbonate (ACC) fi vate-
rite fi calcite (Ogino et al., 1987; Clarkson et al., 1992;
Jimenez-Lopez et al., 2001). The large number of organic
molecules, with very different structures, that reportedly in-
duce vaterite precipitation (Naka and Chujo, 2001) is not
fully consistent with the template model proposed by
Mann (2001). Conversely, the formation of oriented vate-
rite on a variety of organic monolayers (Mann et al.,
1988) and organic matrices (Falini et al., 1998) supports
Mann’s model. However, DiMasi et al. (2003) have shown
that vaterite formation under organic monolayers is not
template-directed; rather, it is controlled by kinetic effects.
It follows that a definitive model which explains how vate-
rite forms in contexts relevant to biomimetic mineralization
and/or biomineralization is still lacking.

Vaterite precipitated in the presence of bacteria typically
appears as micron-sized spherulites (Ben Chekroun et al.,
2004). It has been suggested that vaterite spherules, with
strong similarities to vaterite formed in the presence of bac-
teria, could be a precursor of the carbonates found in Mar-
tian meteorite ALH84001 (Vecht and Ireland, 2000). This
suggestion could have important implications in the search
for evidence of past biogenic activity in Mars. However,
most typical morphologies of bacterial carbonates,
including single crystals, dumbbells, crystal bundles, and
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spherulites, have been precipitated abiotically (Ben Chek-
roun et al., 2004). In particular, abiotic vaterite typically
forms micron-sized spherulites (solid or hollow) made up
of fibrous-radiate crystals (Cölfen and Antonietti, 1998;
Vecht and Ireland, 2000). Furthermore, vaterite with
worm-like morphologies very similar to that of the putative
bacterial carbonates in ALH84001 meteorite have been
produced abiotically in the absence of organics (Fan and
Wang, 2005). The recognition of bacterial biosignatures
based on purely morphological considerations is therefore
very difficult.

This study shows that Myxococcus xanthus, a common
soil bacterium, mediates the formation of accretionary
vaterite structures. The analysis of the evolution of the
chemistry in the bacterial culture medium and the ultra-
structure of vaterite spherulites help disclose how this
CaCO3 phase forms. Furthermore, the accretionary nature
of the vaterite structures (i.e., characterized by successive
concentric shells), offers important information about the
life history of (bio)mineralization events and the chemical
evolution of the crystallization environment. Ultimately,
this study suggests that the micro- and nano-structure of
biotic vaterite structures may help identify bacterial activi-
ty in a range of environments expanding from pathological
concretions to the geological record.
2. Materials and methods

2.1. Bacterial strain

Myxococcus xanthus (strain number 422; Spanish Type
Culture Collection, Burjasot, Spain) was used for CaCO3

mineralization. M. xanthus is an abundant and ubiquitous
Gram-negative, non-pathogenic heterotrophic soil bacteri-
um, which belongs to the d-subdivision of the Proteobacte-
ria (Dworkin and Kaiser, 1993). It has been selected
because it displays a remarkable capacity to induce/medi-
ate the precipitation of different mineral phases (Ben Chek-
roun et al., 2004), including carbonates, sulfates and
phosphates (Ben Omar et al., 1994; González-Muñoz
et al., 1996, 2000, 2003).

Regarding its ability to mediate the formation of car-
bonates, M. xanthus metabolism results in the release
CO2 and NH3 (Rodriguez-Navarro et al., 2003). Ammonia
release increases the pH in the culture medium according to
the equilibrium:

NH3ðgÞ þH2O() NH4ðaqÞ
þ þOHðaqÞ

� ð1Þ

The increase in pH leads to a rise in the concentration of
CO3ðaqÞ

2� in the culture medium, as indicated by the follow-
ing equilibria:

CO2ðgÞ þH2OðlÞ () H2CO3ðaqÞ

() HCO3ðaqÞ
� þHðaqÞ

þ () CO3ðaqÞ
2� þ 2HðaqÞ

þ ð2Þ

In the presence of Ca(aq), at some point the culture medium
becomes supersaturated with respect to a particular calci-
um carbonate phase (calcite, aragonite or vaterite), leading
to its precipitation according to the following equilibrium:

CO3ðaqÞ
2� þ CaðaqÞ

2þ () CaCO3ðsÞ ð3Þ
2.2. Culturing of M. xanthus cells and biotic precipitation

experiments

Inocula were prepared by cultivating M. xanthus in
test tubes containing 5 ml/tube CT medium (Dworkin
and Kaiser, 1993). Test tubes were incubated for 48 h
at 28 �C with constant shaking (180 rpm; Gallenkamp
rotary shaker) up to a cell density of �2 · 109 cells/
ml. Production of CaCO3 occurred in inoculated M-3
medium (Rodriguez-Navarro et al., 2003). M-3 liquid
medium was prepared by mixing (values in wt/vol) 1%
Bacto Casitone (pancreatic digest of casein; Difco), 1%
Ca(CH3OO)2Æ4H2O, and 0.2% K2CO3Æ1/2H2O (pH 8).
Fifteen 250 ml Erlenmeyer flasks were filled with
100 ml of M-3 medium and sterilized by autoclaving
for 20 min at 120 �C. Eight Erlenmeyer flasks were inoc-
ulated with 2 ml of the bacterial inoculum. The remain-
ing seven Erlenmeyer flasks were not inoculated
(negative biotic controls). All Erlenmeyer flasks were
incubated at 28 �C with constant shaking (67 rpm:
Braun rotary Certomat-R) for different time lengths: 0,
1, 3, 5, 7, 10, 15, and 30 days. Porous Pyrex glass disks
(10 mm diameter, 5 mm thickness; Bibby Sterling Ltd.)
were placed in a set of Erlenmeyer flasks inoculated
and non-inoculated (i.e., negative biotic controls) as
support for mineral precipitation in order to prepare
thin sections for transmission electron microscopy
(TEM) analysis.
2.3. Abiotic precipitation experiments

Carbonate precipitation tests were performed in the ab-
sence of bacteria to serve as abiotic (chemical) controls (as
in Ferris et al., 2003). Sterile M-3 medium with and without
Bacto Casitone was poured in 20 ml test tubes (twelve test
tubes, each half-filled with 10 ml solution). The pH of the
solution was then adjusted to the target pH by adding
NH3(l) (from pH 8 up to pH 10.6), thus mimicking M. xan-

thus metabolic activity. No precipitation took place follow-
ing pH rise within the time scale of the biotic experiment,
i.e., 30 days. Precipitation was thus induced by bubbling
CO2 into the solution at a flow rate of 10 ml/min (up to
2 min). After �1 min of CO2 bubbling, a white precipitate
formed. Aliquots (0.5 ml) were pipetted right after the first
precipitates were formed, transferred to glass slides and
observed on a polarized-light microscope. The same
operation was performed 1 h after the onset of precipita-
tion. Precipitates were aged for 48 h in the mother liquor.
Following sedimentation, the supernatant solution was
decanted, and the solids were collected, rinsed several times
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with distilled water, and dried in an oven at 60 �C for 4 h
before further analysis.

2.4. Sampling and analysis

Changes in the chemistry of the medium due to bacterial
metabolism were studied by monitoring the evolution over
time of pH, total aqueous calcium concentration, CaT(aq),
and supersaturation with respect to vaterite, Xvaterite. At
predetermined time intervals, two Erlenmeyer flasks (inoc-
ulated and uninoculated control) were opened and 20 ml of
liquid sample were withdrawn for pH, CaT(aq) and NH3(aq)

analysis. Solutions were filtered (0.1 lm Millipore mem-
brane) and pH was measured (combination pH electrode,
Crison). Experimental error for pH measurements was
±0.05 (1r). CaT(aq) was determined by atomic absorption
spectrophotometry (AAS, Perkin-Elmer 1100B) using an
air–acetylene flame atomizer, after acidification of samples
with HCl to prevent further precipitation of solid carbon-
ate. Experimental error for Ca(aq) was ±0.05 mM (1r).
NH3(aq) concentration in the culture medium was measured
using the HACH DR 850 colorimeter and the Salicylate
method. Based on repeated measurements, experimental
error for NH3(aq) was 0.05 mM (1r).

Solution in the Erlenmeyer flasks was centrifuged at the
end of the experiment and the solid was collected and
rinsed several times with distilled water to eliminate the
nutritive solution and the remaining cellular debris. Fur-
ther washing with ethanol was performed prior to thermal
analysis to ensure that organics (not included within the
carbonate precipitates) were fully eliminated. Washing with
ethanol was performed up to four times.

The mineralogy of both biotic and abiotic precipitates
was determined by powder X-ray diffraction (XRD) using
a Philips PW-1710 diffractometer (Cu Ka radiation,
k ¼ 1:5405 Å; exploration range, 2h, 20�–60�; steps of
0.02� 2h; goniometer speed of 0.005� 2h s�1). Vaterite crystal-
lite size, Dhkil, was calculated using the Scherrer equation
(Klug and Alexander, 1954). Fourier transform infrared
spectroscopy (FTIR) of both biotic and abiotic precipitates
was performed on a Nicolet 20SXB with a resolution of
0.5 cm�1. Prior to FTIR analysis, precipitates were pressed
into KBr pellets. FTIR analyses were performed to identify
the CaCO3 polymorph and the presence of organic macro-
molecules within the CaCO3 structure. Thermogravimetric
(TGA) analysis of biotic and abiotic precipitates was per-
formed on a Shimadzu TGA-50H coupled with a Nicolet
550 FTIR spectrometer for evolved gas analysis. Differential
scanning calorimetry (DSC) analysis of biotic precipitates
was carried out on a Shimadzu DSC-50Q. Thermal analyses
were performed to elucidate (and quantify) whether or not
organic matter was incorporated into carbonate precipitates.
Samples (�40 mg) were placed in Al sample holders and ana-
lyzed in air at a heating rate of 20 �C min�1 from room T up
to 450 �C (DSC) or up to 950 �C (TGA).

Morphology of the biotic and abiotic precipitates was
studied using a field emission scanning electron microscope
(FESEM; Leo Gemini 1530). Precipitates were placed on
sticky carbon-coated stubs attached to Al sample holders.
Samples were C coated. No further preservation or fixation
treatment was performed before FESEM observation. Car-
bonates formed right after the onset of crystallization in
abiotic tests were observed using a polarized-light optical
microscope (C. Zeiss mod. Jenapol-U).

Canadian balsam-mounted thin sections of mineralized
porous glass supports (biotic tests) were prepared and pol-
ished. Following a preliminary optical microscopy analysis,
carbonates were studied using a TEM (Philips CM20)
operated at a 200 kV. The objective aperture was 40 lm,
which is a compromise between amplitude and phase con-
trast images. Prior to TEM observations, the selected car-
bonates were glued to Cu rings, removed from the thin
sections, further thinned using a Gatan 600 ion-mill and,
finally, carbon-coated. Another set of both biotic and abi-
otic precipitates (powdery samples) were dispersed in etha-
nol and deposited on carbon-coated Cu grids before TEM
observations. The elemental composition of precipitates
was determined by means of energy-dispersive X-ray spec-
troscopy, EDS (EDAX detector with ultrathin-window
coupled to the TEM). Spot analyses were performed on dif-
ferent areas of the carbonate structures.

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, and NH3(aq) and cal-
culated values of alkalinity, acetate and K(aq) (24.2 mM).
The amount of acetate was assumed to vary within a max-
imum of 5% of the initial amount, since it has not been de-
scribed in the literature that M. xanthus uses or produces
any significant extracellular acetate. In the case of the
non-inoculated biotic tests (negative biotic control), the
concentration of acetate over time was considered constant
and equal to that at the beginning of the experiment
(120.6 mM). To properly determine the saturation value
with respect to a particular phase of calcium carbonate, it
is necessary to determine CaT(aq) and two out of the four
following parameters: TCO2 (total dissolved carbon),
PCO2 (CO2 pressure), alkalinity and pH. Because PCO2

could not be measured in our experiments, it was chosen
to determine pH and alkalinity. To properly measure
PCO2 it would have been necessary to use a closed system
to perform the experiments. However, since M. xanthus is
an aerobic bacterium and the experiments were run for
long periods of time (1 month), the use of a closed system
was not possible, because cutting out the oxygen supply
could have limited the growth of such bacterium. It was
not possible to measure carbonate alkalinity either, because
the acetate ion (present in the culture medium) acted as a
buffer thus preventing the use of acid-titration methods.
Therefore, alkalinity had to be calculated. Carbonate alka-
linity and acetate concentration at each time interval were
adjusted by means of charge balance, which was based on
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the measured pH and concentrations of the ionic species in
solution: calcium, ammonium, potassium and acetate.
Such charge balance is performed by EQ3/6 as follows:
the program calculates possible charge imbalances (due
to an incorrect value of alkalinity) and corrects them by
adjusting the proton concentration. Such correction yields
an output pH value that is different than the input pH val-
ue due to an incorrect input value for the carbonate alka-
linity. Therefore, when the pH calculated by the program
is equal to the measured pH, the solution charge is bal-
anced and, as a consequence, the input alkalinity value is
correct. Errors in the data calculated by this method are
based on the analytical errors associated to measured
parameters, and resulted in a variation of ±10% of satura-
tion values. Nevertheless, the focus of this study is not on
the specific values of saturation at which phenomena occur,
but rather on saturation trends throughout the experiment.
Even though the saturation value at a certain time could be
10% higher or lower, the observed trends remain unaltered.

Ion activity products (IAP) at each time interval were
calculated as the product of the activity of calcium and car-
bonate in solution ðaCa � aCO32�Þ. Saturation state (X) with
respect to the particular CaCO3 phase is defined as:
X ¼ IAP=Ksp, where IAP is the ionic activity product
and Ksp is the solubility product for the relevant mineral
phase (pKps;vaterite ¼ 7:913, pKps;aragonite ¼ 8:34 and
pKps;calcite ¼ 8:48; Plummer and Busenberg, 1982).

3. Results and discussion

3.1. Biotic and abiotic vaterite precipitation

Vaterite was precipitated in liquid medium M-3 inocu-
lated with M. xanthus, as confirmed by XRD analysis
(Fig. 1a). No precipitation took place in the negative biotic
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Fig. 1. XRD patterns of carbonates. Biotic vaterite (a), and abiotic
carbonates in samples collected 1 h (b) and 48 h (c) after the onset of
precipitation. hkil values of Bragg peaks are indicated (Cu Ka radiation,
k ¼ 1:5405 Å). V, vaterite; Cc, calcite.
controls. XRD analysis of abiotic precipitates showed that
calcite and vaterite formed in the presence of Bacto Casi-
tone (Fig. 1b–c). In the latter case, vaterite was present in
concentrations ranging from 50 ± 5 up to 85 ± 5 wt%,
calculated from XRD results according to the method
proposed by Dickinson and McGrath (2001). The highest
amount, 85 ± 5 wt%, was observed one hour after the
onset of precipitation (Fig. 1b), and dropped to 50 ± 5
wt% when abiotic vaterite was kept in contact with the
solution for 48 h (Fig. 1c). Calcite was the only phase
detected by XRD following abiotic carbonate precipitation
in the absence of Bacto Casitone. Abiotic precipitation
occurred following CO2 bubbling, only when the initial
pH of the solution was artificially raised above pH 10.

Optical microscopy analysis of abiotic precipitates
formed in the absence of Bacto Casitone showed the for-
mation of rhombohedral crystals (calcite). At the onset of
carbonate precipitation in the presence of Bacto Casitone,
birefringent micron-sized spherulites (i.e., vaterite) formed.
A reduction in the amount of spherulitic precipitates was
observed one hour after the onset of precipitation, when
the new formation of rhombohedral precipitates (calcite)
occurred. The results of the abiotic experiments show that
the presence of organics (and a high supersaturation) are
necessary for vaterite formation and (partial) stabilization.
These observations are fully consistent with earlier reports
on the formation and transformation of vaterite (e.g.,
Ogino et al., 1987; Clarkson et al., 1992; Sawada, 1997;
Han et al., 2006).

FTIR spectra of biotic and abiotic carbonates are shown
in Fig. 2. The characteristic peaks of calcite at 714 (m4), 876
(m2), and 1420 (m3) cm�1 (Fig. 2c) were detected in all the
abiotic experiments (Fig. 2b). The distinctive vaterite
absorption bands at 745 and 1085 cm�1 (Dupont et al.,
1997) were detected in the abiotic (with Bacto Casitone)
and biotic precipitates (Fig. 2a and b). Biotic precipitates
did not show the distinctive calcite peak at 714 cm�1. These
observations are consistent with XRD results.

Interestingly, FTIR spectra of biotic vaterite and abiotic
carbonates formed in the presence of Bacto Casitone
showed additional absorption bands that do not corre-
spond to carbonate phases. The presence of proteins was
indicated by the amide I signature at 1655 cm�1 (Rautaray
et al., 2003). Amino acids in Bacto Casitone account for
the amide shoulder in the abiotic precipitates. This shoul-
der is much better defined in the biotic vaterite, which sug-
gests that it incorporates a larger amount of amino acids.
Using FTIR, Sondi and Matijević (2001) also detected
proteins in vaterite formed by urease catalyzed reaction.
Ueyama et al. (2002) and Takahashi et al. (2004) have
reported that tight binding between amide groups and vate-
rite surface via NH–O hydrogen bonds controls CaCO3

polymorph selection and the long-term stabilization of
vaterite. Other adsorption bands were detected in biotic
vaterite: a small broad hump at 1100 cm�1 corresponding
to sugar (Aizenberg et al., 2002); and other organic matter
absorption bands such as those of the carboxylic group at
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1560 and 1360 cm�1 (Williams and Fleming, 1989), which
could not be unambiguously identified because they were
partially masked by the strongest band of the carbonate
group at 1420 cm�1. It is worth mentioning that bacterial
activity induces the formation of significant amounts of
extracellular polymeric substances (EPS) that typically sur-
round the bacterial cells forming biofilms (Decho, 2000).
EPS has been shown to be a rich matrix of polymers,
including polysaccharides, proteins, glycoproteins, nucleic
acids, phospholipids, and humic acids (Beveridge and Gra-
ham, 1991; Wingender et al., 1999; McSwain et al., 2005).
In particular, polymerized amino sugars, e.g., chitin, have
been found in M. xanthus EPS (Li et al., 2003). Chitin is
well known for its capacity to induce vaterite precipitation
(Falini et al., 2002). In summary, our FTIR results show
that organic by-products of bacterial activity, in addition
to amino acids in the culture broth, are incorporated into
the biotic vaterite structures.

DSC analysis shows that decomposition of organics
within biotic and abiotic carbonates took place in the T
range of 150–500 �C, with an exothermal peak at 317–
328 �C (Fig. 3). A small endothermal peak was detected
at T < 150 �C, which was assigned to (adsorbed) H2O loss
(ca. 3% weight loss, according to TGA analysis). Thermal
decomposition of organics resulted in the release of CO,
CO2, and NO2 that were detected by on-line FTIR spec-
trometry of evolved gases. NH3 was also released following
thermal decomposition of biotic vaterite. The composition
of evolved gases corroborates that amino acids (among
other organic molecules) are included within the carbon-
ates. TGA results showed that up to 16.7 and 5.8 wt%
organic matter was present in the biotic vaterite and abiotic
carbonates, respectively (Fig. 3). Incorporation of organic
species in biomimetic calcite and vaterite has been reported
(Grassmann et al., 2002, 2003; Wang et al., 2003; Shen
et al., 2005b). Considering that vaterite density is
2.65 g/cm3 (Lippmann, 1973) and assuming a density of
�1.3 g/cm3 for the organics (Grassmann et al., 2002), it
can be estimated that the biotic precipitates contain about
30 vol% organic matter. This value is consistent with quan-
titative digital image analysis of low-electron absorbing
areas in low-resolution TEM images of biotic vaterite
structures (Figs. 7D and 8C), which yields values of
25 ± 10 vol% organic matter. The significantly lower
amount of organic matter in abiotic precipitates may ac-
count for their lower stability (i.e., XRD and optical
microscopy results showing transformation of abiotic
vaterite into calcite over time). In contrast biotic vaterite
crystals were preserved after more than 30 days in the
culture medium and, at least, 2 years storage in the labora-
tory (20 �C and 55% relative humidity).

FESEM analyses revealed that biotic precipitates were
spherulites, 0.5–5 lm in diameter (Fig. 4a and b). Scarce
rod-shaped bacterial cells (with length ca. 2 lm and a
diameter of ca. 0.5 lm) were also observed (Fig. 4c). Such
bacterial cells were surrounded by nanometer-sized carbon-
ate crystals. Some vaterite spheroids encapsulated bacterial
cells. Their cross-section could be seen in broken spheru-
lites (Fig. 4d), and consisted of two concentric mineral
rings. Vaterite crystal morphology and size changed across
the shell thickness. Crystals increased their size towards the
shell outer surface. The presence of vaterite spherulites with
diameters smaller than that of the typical bacterial cells
length (ca. 2 lm) suggests that many of the vaterite spheru-
lites do not encapsulate bacteria. It therefore appears that
the presence of bacterial cells is not a prerequisite for the
formation of the vaterite spheroids. Nonetheless, bacterial
activity seems to be a prerequisite for their formation, since
no precipitation occurred in the negative biotic controls.



Fig. 4. FESEM photomicrographs of biotic vaterite structures: (a) general overview of vaterite spherulites; (b) detail of a vaterite spherulite; its surface is
rough (at a nanometer scale) due to the end-points of carbonate crystals (best observed in a cross-section); (c) detail of vaterite spherulites and calcified
rod-shaped bacterial cells; and (d) cross-section of vaterite hollow spherulite showing the empty nucleus where the bacterium was located; two concentric
rings are observed with marked differences in crystal size and density.
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FESEM analysis of abiotic carbonates formed in the ab-
sence of Bacto Casitone revealed the presence of well-de-
veloped rhombohedral calcite crystals (Fig. 5A). Vaterite
spherulites and aggregates with morphologies and sizes
that were very similar to those of biotic vaterite spherulites
formed in the presence of Bacto Casitone (Fig. 5B). Some
abiotic vaterite structures revealed the presence of rhombo-
hedral nanocrystals at the sphere surface, while other
spheres showed poorly developed rhombohedral faces
(Fig. 5C). Rhombohedral calcite crystals were also ob-
served (Fig. 5D). These observations suggest that many
vaterite spherules are partially or totally transformed into
calcite aggregates or rhombohedra. These observations
are consistent with optical microscopy and XRD results
showing transformation over time of vaterite into calcite.

From these observations it follows that the morpholog-
ical features of vaterite spherulites can not be unambigu-
ously used to identify biosignatures of bacterial activity,
since they can be obtained abiotically too. On the other
hand, the presence of organics seems to be crucial for the
formation and stabilization of such vaterite structures.

3.2. Evolution of bacterial culture chemistry

Bacterial activity was not identical in each set of exper-
iments, resulting in variations in the measured parameters
at a certain time period for the three replicas. However,
the trends remained unaltered. Therefore, we present the
results of a representative experiment.

Myxococcus xanthus metabolic activity results in CO2

and NH3 release (Table 1). While CO2 contributes to a
reduction in pH, ammonia release increases pH. The latter
effect outcomes the former, as shown by the continuous in-
crease in pH over the time course of the biotic test experi-
ments (Fig. 6a). The precipitation of calcium carbonate
reduces both pH and total calcium in solution, CaT(aq).
The CaT(aq) also decreases most probably because of Ca
adsorption at negatively charged sites on the bacterium cell
walls (Schultze-Lam et al., 1996). Limited Ca adsorption
onto the glass walls of the Erlenmeyer flasks is not ruled
out (see below). Calcium carbonate precipitation can be
followed by recording the evolution over time of the super-
saturation of the culture medium. This evolution is also
directly related to bacterial metabolism. Supersaturation
values rise as a consequence of increases in pH and alkalin-
ity induced by bacterial metabolism. Supersaturation val-
ues decrease when calcium, carbonate and/or pH become
lower due to the precipitation of calcium carbonate.
According to our results (Fig. 6b and c), supersaturation
values rise within the first stages of the experiment (first
week) and within the time period 10–15 days. Bacterial
activity increased Xvaterite to a maximum value well above
that of the negative biotic control test experiment (89.7
vs. 48.7), thus inducing the precipitation of vaterite. Such



Fig. 5. FESEM photomicrographs of abiotic carbonates: (A) calcite aggregates formed in the absence of Bacto Casitone; (B) general overview of vaterite
spherulites formed in the presence of Bacto Casitone; (C) detail of vaterite spherulites with rhombohedral crystal faces at their surface (arrows); and (D)
detail of a rhombohedral calcite crystal surrounded by vaterite spherulites.

Table 1
Measured pH, total calcium (CaT(aq)) and ammonium (NH3(aq)) in solution; calculated alkalinity, calcium and carbonate activity, ionic activity product
(IAP) and supersaturation of the system with respect to vaterite

Time (days) pH CaT(aq) (mM) NH3(aq) (mM) Alkalinity (mM) logaCa2+ log aCO3
2� IAP Xvaterite

Run type: M-3 (negative biotic control)

0 8.00 52.5 1.81 15.6 �1.9772 �4.3341 4.88E�07 40.0
1 8.03 45.3 0.43 9.4 �2.0151 �4.4165 3.70E�07 30.3
3 8.03 47.3 0.35 13.3 �2.0234 �5.0351 8.74E�08 7.2
5 8.01 49.1 0.72 14.3 �2.0461 �4.2354 5.23E�07 42.8
7 7.98 50.9 0.21 13.8 �1.9714 �4.2544 5.95E�07 48.7

10 8.05 50.5 0.90 14.1 �2.1101 �4.1847 5.07E�07 41.5
15 8.04 50.1 0.44 14.2 �2.1439 �4.1847 4.69E�07 38.4
30 8.07 50.2 0.62 14.0 �1.9770 �4.2725 5.63E�07 46.1

Run type: M-3 + M. xanthus (biotic test)

0 8.00 7.94 1.81 15.6 �1.9772 �4.3341 4.88E�07 40.0
1 7.94 7.99 37.7 23.4 �2.0145 �4.1784 6.41E�07 52.5
3 7.99 8.31 38.2 18.1 �2.0225 �4.2584 5.24E�07 42.9
5 8.31 8.12 23.9 20.2 �2.0499 �3.9105 1.10E�06 89.7
7 8.12 8.03 22.5 12.3 �2.0835 �4.3305 3.85E�07 31.6

10 8.03 8.41 15.1 10.2 �2.1100 �4.4387 2.83E�07 23.1
15 8.41 8.43 13.5 9.7 �2.1342 �4.1366 5.36E�07 43.9
30 8.43 39.6 11.1 7.7 �2.0402 �4.2740 4.85E�07 39.7
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precipitation is recorded by a decrease in Xvaterite and
CaT(aq) values, as shown in Fig. 6b and c. Two main preci-
pitation events were observed (Fig. 6a and b). The system
stabilized after 15 days, indicating that there was probably
not enough bacterial activity to induce another precipita-
tion event.

Spatial-temporal changes of Xvaterite altered the precipi-
tation rate and morphology of biotic vaterite crystals. The
precipitation of smaller poorly crystallized vaterite crystals
surrounding the bacterial cells (first vaterite ring shown in
Fig. 4d) occurred at the highest supersaturation, the closest
to the bacterium cell wall. As supersaturation decreased, a
lower nucleation and growth rate resulted in bigger, better-
crystallized vaterite crystals (second vaterite ring). The
occurrence of several layers surrounding bacterial cells
could indicate a periodic precipitation process favored by
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the high Xvaterite (52.5–89.7) such as that forming Liesegang
rings in far-from-equilibrium inorganic systems (Henisch,
1988).

No precipitation was detected during the time course
experiment in sterile M-3 culture medium (negative biotic
control). The decrease in Xvaterite and CaT(aq) occurring
during the first stages of this experiment (Fig. 6b and c)
might be related to the adsorption of Ca at negatively
charged xilanol groups on the silica glass Erlenmeyer flask.
Limited silica dissolution in the slightly alkaline medium
resulting in Ca desorption may explain the subsequent in-
crease in Xvaterite and CaT(aq) until constant values were
reached.

Precipitation of calcite and aragonite did not occur in
the biotic test experiments (inoculated with M. xanthus

and sterile—negative biotic control), even though the medi-
um was supersaturated with respect to calcite (�331 and
�180, respectively) and with respect to aragonite (�240
and �130, respectively). Such a high supersaturation with
respect to all CaCO3 polymorphs could be sustained initial-
ly due to the crystallization inhibition effect of organics
(Bacto Casitone and/or organic by-products of bacterial
activity) (Mullin, 1993; Arp et al., 2001). The precipitation
of vaterite at such high supersaturation could be kinetically
favored compared with other more stable CaCO3 polymor-
phs, according to Ostwald’s rule of stages (Ogino et al.,
1987; Jimenez-Lopez et al., 2001).

In addition to kinetic effects, oriented vaterite crystalli-
zation on bacterial cells could be induced by template-di-
rected growth, provoked by electrostatic (ionotropic
effect), geometric, or stereochemical affinity (Mann,
2001). These effects would control polymorph selection
and promote heterogeneous nucleation of vaterite. Con-
versely, vaterite formation and stabilization could be due
to the adsorption of organic molecules (Bacto Casitone
and/or EPS produced by bacterial activity) during the early
stages of (nano-sized) vaterite crystallization, thus inter-
rupting the Ostwald rule of stages at one of its intermediate
stages (Ogino et al., 1987; Xu et al., 2004; Lakshminaraya-
nan et al., 2005). A third possibility could be a combination
of the two previous processes. In order to check these
hypotheses and to elucidate the ultimate mechanism lead-
ing to bacterial vaterite formation, a detailed TEM and
electron diffraction study of vaterite structures was per-
formed. With these analyses we expected to identify: (a)
possible preferred orientation of vaterite crystals which
may support Mann’s model for template-directed growth;
(b) existence of nanocrystals with organics at their bound-
aries making up larger vaterite crystals, which would sup-
port an origin of vaterite due to an interruption of the
Ostwald rule at an intermediate stage.

3.3. TEM and electron diffraction analysis

TEM observations of cross sections of the biotic vaterite
spheroids (Fig. 7A and C) showed that they formed by
radial prismatic vaterite crystals that branched as they ap-
proached the spheroid edge (Fig. 7D and E). Such
branched structure is similar to that of biomimetic fluorap-
atite (Busch et al., 1999) and calcium carbonate (Cölfen
and Qi, 2001) spheroids formed in the presence of organics
via a sheaf-of-wheat growth mechanism. This type of
spherulitic growth can occur by attachment of prismatic
nanocrystals to an already existing crystal of the same
phase or an organic particle (e.g., a bacterial cell) that act



Fig. 7. TEM analysis of biotic vaterite structures. (A) Low magnification photomicrograph of a representative biotic vaterite spherulite; (B) EDS
spectrum of the former spherulite; (C) detail of a large spherulite attached to two spherulites with diameter smaller than 1 lm (i.e., smaller than M. xanthus

cells); (D) higher-magnification of the edge of a large vaterite spherulite showing radial arrangement of branch-like crystals; branching takes place towards
the shell edge (lower left) where crystal size decreases substantially; (E) detail of prismatic vaterite crystals in (D); the SAED pattern (inset) shows
11�20; 22�40, and 0008 reflections, showing orientation of the prism along the c-axis, which is oriented normal to the spherulite nucleus (i.e., the bacterium);
(F) vaterite crystals in a section tangential to the spherulite edge; the SAED pattern (inset) shows rings corresponding to vaterite main reflections along
[0001] zone axis (hh2�h0 and h0�h0 reflections; d-spacing in nm); rings show rotation of crystals around their c-axis.
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as a nucleus. One important characteristic of these spheru-
lites is that they incorporate organics within the porous
inorganic framework (Cölfen and Qi, 2001). Note that indi-
vidual crystals in our biotic vaterite structures were sepa-
rated by poorly electron absorbent material (Fig. 7D).
We assume these areas correspond to the organics of bac-
terial origin identified by FTIR and thermal analysis. This
is consistent with EDS analyses showing the presence of P
and S in biotic vaterite (Fig. 7B), in addition to Ca (vate-
rite) and Cu (TEM grid). P and S are present in Bacto Casi-
tone, because casein includes S- and P-containing amino
acids. S and P are also present in bacterial EPS and cell-
walls (e.g., proteins-containing sulfur amino acids, and
phospholipids) (Li et al., 2003). Another principal charac-
teristic of the spherulitic biomimetic mesostructures de-
scribed by Cölfen and Qi (2001) and Busch et al. (1999)
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is the marked orientation of the prismatic crystals consti-
tuting the spherulites. In our case, the c-axis of each vate-
rite crystal was aligned perpendicular to the spherulite
nucleus as shown by selected area electron diffraction
(SAED) pattern (Fig. 7E). However, in sections tangential
to the vaterite spherulite, [0001] zone axis SAED patterns
were ring-like (Fig. 7F) which indicates that there was no
clear preferred orientation in the (0001) basal planes [i.e.,
the a- and b-axes show a random orientation within the
(0001) plane].

The outer edge of some vaterite structures was formed
by isolated crystallites, 10–30 nm in diameter (Fig. 8A),
embedded in poorly electron absorbent material (organics,
as confirmed by EDS analysis). In areas deeper into the
spherulite structure, such crystallites aggregate into larger
ones (Fig. 8B) forming the grained structure (Fig. 8C) ob-
served on the near-surface of the spherulites (Fig. 4b). To-
wards the core of the spherulite, a transition to oriented,
small prismatic crystals (branch-like aggregates) was ob-
served (Fig. 8D). This latter observation suggest that the
nanocrystals present at the spherulite surface aggregate in
a crystallographically oriented fashion as growth progress-
es, thus forming the larger prismatic crystals observed in
deeper areas. In fact, high resolution TEM (HRTEM)
observations showed that vaterite prisms were formed by
nanocrystals that have aggregated in an oriented fashion
(Fig. 9). The nanoparticle average size was �20–30 nm,
measured in sections perpendicular to ð11�20Þ, a value sim-
ilar to that of isolated crystallites shown in Fig. 8A. Such
Fig. 8. TEM of biotic vaterite nanocrystals: (A) isolated vaterite nanocrystals
(organics) found at the outer edge of spherulites; (B) vaterite nanocrystals aggr
(C) nanocrystals aggregated at the edge of a spherulite (left). The core of the sp
showing randomly oriented nanocrystals (left) and branch-like prismatic vater
crystallite size is consistent with analyses of XRD peak
broadening [37 ± 10 nm, in sections normal to ð11�20Þ].
At nanoparticle boundaries there were discontinuities in
lattice fringes (Fig. 9C–E), which suggests that nanoparti-
cles were partially surrounded by amorphous (organic)
material. Buckling of lattice fringes in a single crystallite
(Fig. 9B) and a non-perfect orientation of the aggregated
nanocrystals was also observed (Fig. 9C–E). On other
areas of the same prism, ð11�20Þ lattice fringes were ob-
served in contact with domains with ð11�20Þ ^ ð11�22Þ lattice
fringes intersecting at an angle of ca. 40� (Fig. 9C and D).
These observations demonstrate that a slight missorienta-
tion exists between nearby nanocrystallites. Furthermore,
abundant edge dislocations interpreted to have formed by
imperfectly oriented aggregation of nanocrystals (see fol-
lowing subsection) were also observed (Fig. 9E).

The TEM analysis of abiotic vaterite structures (Fig. 10)
showed some morphological/textural differences when
compared with the previously described biotic structures.
Abiotic spherulites (Fig. 10A) showed radial arrangement
of vaterite crystals oriented along the c-axis (Fig. 10B).
However, this orientation is poorer than the one in biotic
vaterite, as shown by speckled rings in the SAED pattern
(Fig. 10B). Another main difference with biotic vaterite
structures was the presence of calcite along with vaterite
in some of the abiotic carbonate structures (SAED pattern
in Fig. 10B and C). Vaterite structures were formed by
nanocrystals, as in the biotic structures (Fig. 10D). Howev-
er we observed neither well-formed, oriented prismatic
embedded in an amorphous, poorly electron absorbent continuous phase
egated in larger clusters placed beneath the previous isolated nanocrystals;
herulite is towards the right; and (D) cross-section of a bacterial spherulite
ite crystal in a deeper area within the spherulite (right).



Fig. 9. High resolution TEM of biotic vaterite. (A) Vaterite prisms in a
radial section of a spherulite showing selected (squared) areas (bar,
100 nm): (B) ð11�20Þ lattice fringe image of vaterite prism; buckling of a
crystal edge is observed; (C) contact between two domains in a single
vaterite prism showing miss-orientation between ð11�20Þ lattice fringes and
areas with crossing ð11�20Þ and ð11�22Þ lattice fringes; (D) detail of domains
showing ð11�20Þ and ð11�22Þ lattice fringes; and (E) [1�100] zone axis image
of a radially arranged prismatic crystal showing misalignment between
ð11�20Þ lattice fringes of different nanocrystals (i.e., crystallites). Arrow pair
indicates orientation mismatch (ending dislocations) between nearby
nanocrystals and non-diffracting material at their boundary. A few
examples (three) of edge dislocations interpreted to have formed by
imperfectly oriented aggregation are also indicated. SAED pattern (inset)
shows orientation of the c-axis normal to the cell-wall (not shown; located
on the right). Ellipsoidal diffraction spots corroborate the observed
orientation mismatching among nanocrystals.
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crystals in deeper areas of the spherulites, nor the branched
arrangement of such crystals at the outer edge of the vate-
rite structures that were observed in the biotic precipitates.

3.4. Origins of bacterial vaterite

Our results suggest that vaterite precipitation is directly
related to the high supersaturation reached in both the
biotic and abiotic systems. In the latter case (abiotic), such
a high supersaturation is reached following NH3 addition
(pH rise) and CO2 bubbling, while in the former (biotic),
the high supersaturation is related to bacterial activity. In
both cases the presence of organic molecules also appears
to be crucial for vaterite crystallization and stabilization.
While Bacto Casitone is critical in the formation and (par-
tial) stabilization of abiotic vaterite, the bacterium cell
walls, EPS as well as the organic by-products of bacterial
activity, appear to control biotic vaterite formation and
its long-term stabilization in a much more efficient way
than Bacto Casitone alone. Bacteria cell walls contain a
number of surface functional groups, such as carboxyl,
hydroxyl and phosphate sites (Schultze-Lam et al., 1996),
while Bacto Casitone, as well as bacterial EPS, include car-
boxylic and amino functional groups, which are known to
promote vaterite crystallization and stabilization (Naka
and Chujo, 2001). Organic molecules with these functional
groups can either inhibit crystallization when they are in
the bulk solution (Mullin, 1993), or promote crystallization
when they are adsorbed at the air–liquid or solid–liquid
interface, or incorporated in solid structures (Mann, 2001).

By acting as crystallization inhibitors, organics induce
precipitation at a high supersaturation (Mullin, 1993),
which favors the formation of metastable phases (Clarkson
et al., 1992). In our biotic experiments a high supersatura-
tion is reached due to ammonia release associated to bacte-
rial activity and the subsequent pH rise leading to high
alkalinity values (Table 1). The latter, in addition to the
inhibiting effect of organics, may kinetically favor the for-
mation of nano-sized vaterite crystals. Our study suggests
that once nano-sized vaterite crystals have formed, they
aggregate in an oriented fashion and incorporate the ad-
sorbed organics at the nanocrystal boundaries. Interesting-
ly, this orientation is much better defined in biotic than in
abiotic vaterite structures. The latter probably indicates
that the higher amount of organics incorporated in the
biotic vaterite spheroids is critical in the formation and sta-
bilization of such oriented structures.

The observed ultrastructural features of our biotic vate-
rite spherulites appear to be general for biominerals formed
by oriented aggregation of nanoparticles (Banfield et al.,
2000). According to Penn and Banfield (1998) model for ori-
ented aggregation-based crystal growth, nanometer-sized
nuclei are formed, attach stereochemically and aggregate
in a crystallographically oriented manner. In some cases, a
non-perfect oriented attachment occurs (Banfield et al.,
2000), which helps to identify the boundaries between nearby
nanoparticles, as was observed in our biotic vaterite struc-
tures. Removal of a pair of surfaces is energetically favored.
Aggregation is also favored when particles have a lower sur-
face charge, i.e., at pH values close to the isoelectric point.
Biotic vaterite precipitation occurs at pH 8–9 (Fig. 6). Note
that the isoelectric point (or point of zero charge, PZC) of
vaterite is at pH 9.9 (Vdovic and Kralj, 2000). Under such
conditions, aggregation might results from attractive forces
experienced between uncharged nanoparticles and hydro-
phobic moieties on organic polymers (Moreau et al., 2004).
The latter thus act as crystal ‘‘assemblers’’ (Cölfen and
Antonietti, 2005) and are incorporated into the vaterite
structures contributing to their stability.



Fig. 10. TEM photomicrographs of abiotic carbonates: (A) vaterite spherulite; (B) aggregate of vaterite spherulites. The SAED pattern (inset) of a broken
spherulite (arrow) shows speckled rings indicating a poorly defined orientation along vaterite [0001] zone axis (vaterite c-axis orientation indicated by the
arrow in the photomicrograph). Diffraction spots corresponding to calcite ð10�14Þ planes are also present; (C) Detail of the section of a broken vaterite (V)
spherulite and of a calcite (Cc) crystal. The SAED of Cc is shown in inset; and (D) detail of nanocrystal aggregates at the edge of vaterite spherulites in the
section marked in (B).
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Nanocrystal aggregates may eventually attach to a solid
support (EPS or bacterial cell walls) in an oriented manner.
This phenomenon is clearly observed in the case of the hol-
low spherulites formed in our biotic experiments. They dis-
play a radial arrangement of oriented prismatic vaterite
crystals attached to the bacterial cell walls. Such crystals at-
tach with their c-axis normal to the substrate. This final
oriented attachment requires that some electrostatic, geo-
metrical or stereochemical affinity exist between the
(0001) faces of vaterite and the organic support (Mann,
2001). The observed lack of preferred orientation along
the vaterite (0001) planes in biotic structures (i.e., crystals
are rotated around the c-axis), in addition to the reported
precipitation of calcite and Mg–calcite around M. xanthus

cells (González-Muñoz et al., 2000; Rodriguez-Navarro
et al., 2003; Ben Chekroun et al., 2004), rule out a geomet-
ric or stereochemical matching among this bacterium cell-
wall macromolecular functional groups and vaterite crys-
tals. Conversely, the high Ca density of vaterite (0001)
planes enables a high electrostatic affinity between these
positively charged planes and the negatively charged func-
tional groups of the bacterium cell-wall. Thus, nanocrystals
will preferentially attach to the cell-wall with their c-axis
normal to this substratum. In the case of EPS the same
rationale may apply. Amino acids in the medium where
abiotic vaterite spherulites developed could play a role
(although less effective) directing the assembly of nanocrys-
tals in an oriented manner. Alternatively, it is suggested
that a vaterite crystal may act as a nucleus for the oriented
attachment of successive crystals following the model pro-
posed by Busch et al. (1999) for self-assembled spherulitic
growth. The latter mechanism could operate both in the
biotic and abiotic experiments, thus explaining the eventual
formation of spherulites lacking an organic nucleus/core.

Thus, it appears that vaterite crystallization is promoted
by kinetic effects, while the formation of the highly oriented
vaterite structures is due to thermodynamic effects. The
kinetic effects are associated with the high supersaturation,
resulting from bacterial activity and the inhibiting role of
organics (i.e., Bacto Casitone and by-products of bacterial
metabolism), all of which lead to high reaction rates. The
thermodynamic effect is linked to energy minimization
due to electrostatic affinity, i.e., ionotropic effect, and crys-
tal attachment at equally oriented faces.
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4. Conclusions

Our analyses suggest that vaterite precipitation occurs at
a very high supersaturation resulting from bacterial activity
(biotic experiment) or from the addition of NH3 and CO2(g)

(abiotic experiment). This high supersaturation is achieved
because of crystallization inhibition associated with the
organics that are originally present in the culture medium
(abiotic test), in addition to those (EPS) produced by
bacterial activity (biotic tests). At such a high supersatura-
tion 3D nucleation of vaterite nanoparticles occurs in the
microenvironment surroundings of the bacterial cells.
Oriented aggregation of nanoparticles then occurs and
leads to the incorporation of organics into vaterite
structures. Incorporation of organics within vaterite leads
to highly insoluble structures and contributes to vaterite
stabilization.

Valuable information regarding the bacterial/inorganic
origin of natural vaterites on Earth and elsewhere, may
be related to the complex inner structure and ultrastructure
of biotic vaterite spheroids: i.e., degree of crystal orienta-
tion, amount of organic matter, presence of various shells,
and hollow core–shell structure. Considering that bacteria
have been related to human pathological calcification
(Mc Lean et al., 1989), vaterite being found in human gall-
stones (Sutor and Wooley, 1968) and aortic valves (Kana-
kis et al., 2001), our results may help determine whether
such vaterite pathological concretions are of bacterial ori-
gin, which is critical to the design of adequate medical
treatments. However, a purely morphological (size and
shape) analysis of such vaterite structures can not be used
as an unambiguous biosignature since similar (spherulitic)
morphologies are obtained by biotic and abiotic routes.
Nonetheless, the presence of organics appears to be a pre-
requisite for vaterite formation and stabilization.

Finally, our results, as well as those of other studies
(Rivadeneyra et al., 1991; Giralt et al., 2001; Groth et al.,
2001; Warren et al., 2001; Braissant et al., 2002, 2003; Cac-
chio et al., 2003; Hammes et al., 2003; Rivadeneyra et al.,
2006), demonstrate that bacterial vaterite precipitation is
not strain-specific and is much more common than was
previously thought.
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Arias, J.M., Cultrone, G., Rodriguez-Gallego, M., 2004. Precipitation
and growth morphology of calcium carbonate induced by Myxococcus

xanthus: implications for recognition of bacterial carbonates. J.

Sedimentary Res. 74, 868–876.
Ben Omar, N., Entrena, M., González-Muñoz, M.T., Arias, J.M.,
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guez-Gallego, M., López Galindo, A., Arias, J.M., 1996. Struvite and
calcite crystallization induced by cellular membranes of Myxococcus

xanthus. J. Crystal Growth 163, 434–439.
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Sanchez-Moral, S., Cañaveras, J.C., Laiz, L., Saiz-Jimenez, C., Bedoya, J.,
Luque, L., 2003. Biomediated precipitation of calcium carbonate
metastable phases in hypogean environments: a short review. Geomi-

crobiol. J. 20, 491–500.
Signorelli, S., Peroni, C., Camaiti, M., Fratini, F., 1996. The presence of

vaterite in bonding mortars of marble inlays from Florence Cathedral.
Miner. Mag. 60, 663–665.

Schultze-Lam, S., Fortin, D., Davis, B.S., Beveridge, T.J., 1996. Miner-
alization of bacterial surfaces. Chem. Geol. 132, 171–181.

Shen, Q., Wei, H., Wang, L., Zhou, Y., Zhao, Y., Zhang, Z., Wang, D.,
Xu, G., Xu, D., 2005a. Crystallization and aggregation behaviors of
calcium carbonate in the presence of poly(vinilpyrrodilone) and
sodium dodecyl sulfate. J. Phys. Chem. B 109, 18342–18347.

Shen, Q., Chen, Y., Wei, H., Zhao, Y., Wang, D., Xu, D., 2005b.
Suspension effect of poly(styrene-ran-methacrylic acid) latex particles
on crystal growth of calcium carbonate. Crystal Growth Des. 5, 1387–
1391.



Bacterial vaterite 1213
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