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ABSTRACT: The Earth has undergone at least four great glaciations,
during which the ice layers and the glaciers have expanded all over the
planet, corresponding to significant drops in global temperatures that lasted
millions of years. Since the Precambrian era, ice ages have occurred at
intervals of several millions of years. It is considered that the impact on the
biosphere was large, because life was on the brink of disappearing
completely from the planet. During these glaciation periods, carbon was
reassigned, with the subsequent formation of carbonates called cap
carbonates, which present stromatolite-like activity. These findings prove
that life was conserved even during the glacial period. Knowledge on life
conservation during the glacial period through stromatolites that have
endured until the present day, is of special relevance. In recent
investigations, in vitro structures have been synthesized; these crystalline
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aggregates have been named biomorphs because they mirror the morphologies of primitive organisms called Precambrian
cherts. These biomorphs have been synthesized at different temperatures (from room temperature to lower ones). The aim of
the present work was to synthesize CaCOs, BaCO;, and SrCOj silica—carbonate biomorphs at three low temperatures (4 °C,
—20 °C, and —70 °C). CaCO; biomorphs present almost the same morphology at all temperatures with a calcite crystalline
structure, whereas BaCO; and SrCO; biomorphs present remarkably different morphologies depending on temperature with

witherite and strontianite crystalline structure, respectively.

1. INTRODUCTION

Earth, as known nowadays, has undergone different environ-
mental episodes such as a reducing atmosphere, high temper-
atures, and glaciations. The glacial era is of special interest
because Earth was covered with ice at an average temperature of
—50 °C during millions of years." At least four glaciation events
occurred in the Precambrian era, from 750 to 635 million years
back.”™” It is considered that the impact on the biosphere was
marked because life was at the brink of disappearing from the
planet. Interestingly, during this glacial period, a reassignment of
carbon occurred between the exchange reservoirs like the
atmosphere, the methane clathrates, and the deep ocean, '’ with
the subsequent formation of carbonates called cap carbo-
nates.”'”'" The latter are important because many of them have

been shown to present stromatolite-like activity in the form of
broad domes with a structure of irregular tubes.'' Stromatolites
are stratified structures formed by the action of cyanobacteria,
which absorb large amounts of CO, from the atmosphere and
remain fixed, after their synthesis, in the form of carbonates,
forming stromatolites once precipitated into the water.'”
Recently, stromatolites have been found after deicing of a
snow layer that covered them.'” These findings prove that even
during the glaciation of the Earth, life was conserved through
these microorganisms that were able to survive in those
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Figure 1. Synthesis, formation, and characterization of biomorphs via the gas-diffusion method. Roman numerals I-V stand for different steps during

the synthesis of biomorphs.

environmental conditions. In addition, the presence of
carbonates as a proof of life is relevant, because, until our
days, carbonates, like calcium carbonate (CaCO,), are the main
structure present in organisms, from algae to vertebrates.'*
Currently, in stromatolites, aside from cyanobacteria, the
microflora can include algae, fungi, crustaceans, insects, spores,
pollen, and rhodophytes that can become calcified inside the
structure. Knowledge on life conservation during the glacial era
through stromatolites, which still exist, is of special relevance.
Aimed at understanding the mechanism of the formation of
structures of primitive organisms formed by CaCOs;, several
research teams have synthesized in vitro structures named
biomorphs because they mirror the morphologies of primitive
organisms."~"® These biomorphs have been synthesized at high
temperatures''”*° emulating the conditions of the reducing
epoch that existed on Earth during the Precambrian era.
Although the formation of biomorphs at high temperatures has
been described, their synthesis at low temperatures mirroring
those of the glacial era has not yet been evaluated; in addition,
we aimed at establishing whether life could have originated in
those ice ages. To identify the structures that can be obtained at
low temperatures, in this work, we aimed at synthesizing CaCO;,
BaCOj;, and SrCOj silica biomorphs at three low temperatures
(4 °C, =20 °C, and —70 °C), which would be a first
approximation that life was also conserved in the ice ages of
the Precambrian. The morphology of the obtained biomorphs
was observed under scanning electron microscopy (SEM).
Microphotographs of CaCO; biomorphs presented rhombohe-
dra and druses at environmental temperature and druse
morphologies at low temperatures, whereas the BaCO; and
SrCOj; biomorphs showed different and remarkable morphol-
ogies with a strong dependency on temperature. The chemical
composition and the crystalline structure of all biomorphs were
determined through Raman microspectroscopy and synchro-
tron X-ray powder diffraction. It was found that the biomorphs
obtained from calcium, barium, or strontium correspond to
crystalline structures of CaCOj;(calcite), BaCO;(witherite), or
SrCO;(strontianite), respectively. Theoretically speaking, these

biomorphs obtained at very low temperatures can link points
between the glacial era at the primitive Earth and our current era.

2. EXPERIMENTAL SECTION

2.1. Biomorph Formation. The synthesis of calcium, barium, and
strontium carbonate biomorphs was performed through gas-diffusion
method”" (see Figure 1). The synthesis was performed on glass squares
of S mm in length, 5 mm in width, and 1 mm in thickness. The synthesis
of biomorphs was allowed by immersing the glass square in a
crystallization cell that contained 1000 ppm of sodium metasilicate and
20 mM calcium, barium, or strontium chloride, at pH of 11.0 adjusted
with sodium hydroxide 1.0 M (all these chemicals are called the
reaction mixture in Figure 1). All reagents were from Sigma-Aldrich.
Experiments were performed at 25 °C (control temperature) and at
three different low temperatures (4 °C, —20 °C, and —70 °C).
Formation of biomorphs was achieved after 24 h. Regarding the
biomorphs formed at freezing temperatures, the crystallization cell was
maintained during 15 min at room temperature to eliminate the ice.
Finally, the biomorphs obtained under the different conditions were
characterized as described in the following section using X-ray powder
diffraction. Experiments were repeated in triplicate.

2.2. Characterization of Biomorphs. The synthesized biomorphs
were observed under SEM, using a model VEGA3 (TESCAN, Brno,
Czech Republic) microscope. Afterward, biomorphs were identified
through Raman spectroscopy. Raman measurements were performed
with a confocal Raman microscope WITec Alpha 300 R system at room
temperature. The Raman laser excitation wavelength was 532 nm, and
the spectral resolution of the spectrometer was 1.0 cm™'. Raman spectra
were recorded with a WITec Alpha 300 Raman-Atomic Force
Microscope (WITec GmbH, Ulm, Germany) using a 672 lines/mm
grating with a 100X Zeiss objective (0.9 NA). The Nb:YVO, green laser
at 532 nm wavelength was used as an excitations source with 14.4 mW
of laser power. Punctual Raman spectra were obtained with 0.5 s of
integration time and 10 accumulations and Raman map with 0.03 s of
integration time.

To identify the phases at different temperatures present in the
samples, X-ray diffraction data were collected at the Biological
Microdiffraction Facility, NYX, beamline 19-ID, at the National
Synchrotron Light Source II, Brookhaven National Laboratory. The
beamline source, an In Vacuum Undulator (IVU) 1 m long with 18 mm
period, and minimum gap 5.6 mm, allows for an energy range of 6 to 18
keV. The beamline is optimized for anomalous diffraction experiments,



Figure 2. Influence of different low temperatures on the formation of calcium biomorphs. (i) SEM microphotographs of calcium silica—carbonate
biomorphs at temperatures of (a) 25 °C; (b) 4 °C; (c) —20 °C; and (d) —70 °C. (ii) Insets are the magnification of the most characteristic shapes.

with a monochromator bandwidth on the order of 107°. The beamline
is outfitted with a Crystal Logic (www.xtallogic.com) sample changer
and diffractometer. Diffraction data were collected with an ADSC HF-
4M pixel array detector (ADSC Area Detector Systems Corporation)
with framing rates up to 25 HZ.

Samples were prepared at the National Synchrotron Light Source II.
Biomorph structures were synthesized on common microscope glass
slides (Corning, catalog no. 11373805) as described above. All
diffraction experiments were carried out at room temperature. The
wavelength was kept constant at 0.98 A, and the sample to detector
distance was kept at 170 mm throughout the measurements. Each
diffraction frame was 2° in width and exposure times were 1 s/frame; a
total of 20° was collected for each sample. Initially, the samples were
mounted in an ad hoc pin holder to support the glass (Figure S1a). The
glass slides with the biomorphic structures were exposed to X-rays as
synthesized on the glass slide. However, the amorphous background
due to the glass slide was too high to actually distinguish any diffraction
pattern from the biomorphic structures. In order to reduce the
amorphous background and increase the amount of biomorphic
structures exposed to the X-rays, biomorphs were carefully detached
from the glass slides and mounted on Hampton Research (34 Journey
Aliso Viejo, CA 92656-3317 USA) loops (HR4-955) mounted on spine
magnetic caps (HR8-094) as shown in Figure S1b. Powder diffraction
like patterns were observed for different biomorphic structures
according to composition and structure. The identification of the

crystalline phases present in the different biomorphs was carried out
with the Sieve+ facility of the PDF-4+ database (ICDD 2020, PDF-4+
2020 (Database), edited by Dr. Soorya Kabekkodu, International
Centre for Diffraction Data, Newtown Square, PA, USA). Following the
identification, the refinement of the unit cell parameters was performed
with the program MDI Jade Pro (MDI (2019) JADE Pro, Materials
Data, Livermore, CA, USA).

3. RESULTS AND DISCUSSION

3.1. Calcite Was Probably Conserved in Prokaryotes
and Eukaryotes during the Glacial Era. Understanding why
CaCOj; has been conserved in organisms since the Precambrian
era is of paramount relevance. Knowing the structures that these
organisms might have adopted in the presence of this compound
during the glacial era is a fascinating topic, because it might allow
us to understand the different morphologies that have been
conserved, as well as those that have been modified since that era
up until the present day. To know whether it was possible to
obtain CaCO; biomorphs at low temperatures, we evaluated the
formation of these types of biomorphs at 4 °C, —20 °C, and —70
°C. As observed in Figure 2a,b, biomorphs synthesized at 25 °C
(control temperature) and 4 °C present some single crystals
with well-defined trigonal symmetry (rhombohedra + lateral
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Figure 3. Raman spectra of CaCO; biomorphs synthesized at different temperatures, (a) 25 °C, (b) 4 °C, (c) —20 °C, and (d) —70 °C; (i) optical
image, (ii) Raman spectra, and (iii) confocal images. All synthesized biomorphs present a crystalline calcite structure.

prisms), which are typical of calcite. Moreover, many aggregates the control sample. This is an interesting result, as it seems to
(druses) appear, formed by the just described crystals. indicate that the formation of CaCOj; conserves the same
Biomorphs obtained at 4 °C (Figure 2b), at —20 °C (Figure morphology at both the environmental temperature and

2c), and at —70 °C (Figure 2d) also show druse formation as in freezing temperatures. Probably due to this stability, CaCOy; is
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Figure 4. Superposition of the registered synchrotron powder
diffraction pattern for the biomorphs synthesized at 4 °C with the
corresponding identified phase: (a) calcite (PDF 00-066-0867), (b)
witherite (PDF 00-045-1471), and (c) strontianite (PDF 00-005-
0418). Images used with permission from International Centre for
Diffraction Data. Copyright 2019 ICDD.

Table 1. Crystallographic Data of Phases Obtained with the
MDI JADE-Pro Program

silico-CaCOj, silico-BaCO;
4°C 4°C silico-SrCO; 4 °C
calcite witherite strontianite

formula CaCO;, BaCO;, SrCO;,
reference pattern PDF 00-066- PDF 00-045- PDF 00-005-

0867 1471 0418
space group R3¢ Pnma Pnma
a (nm) 0.5007(1) 0.6471(4) 0.60391(3)
b (nm) 0.8990(6) 0.84128(7)
¢ (nm) 1.7111(3) 0.5277(4) 0.50911(5)

a)25°C

¢)-20°C

d)-70°C

Figure 5. SEM microphotographs of barium silica—carbonate
biomorphs: (a) 25 °C; (b) 4 °C; (c) —20 °C; (d) —70 °C.

a fundamental part of the structures of prokaryotes and
eukaryotes.””

In the Raman spectrum corresponding to the control sample
at 25 °C (Figures 3a and S2) and the sample synthesized at 4 °C
(Figures 3b and S2), bands were identified at 162, 287, 717,
1089, 1439, 1753, and 1754 cm™". These vibrations correspond
to CaCO; in its crystalline calcite form with trigonal
structure.””** For the sample obtained at —20 °C (Figures 3¢
and S2), the Raman spectrum showed the characteristic CaCO,
peaks of the calcite polymorph, as found for the biomorphs
obtained at —70 °C (Figures 3d and S2). In addition to Raman
characterization, the crystalline structure of the calcium
biomorphs was determined from the synchrotron X-ray
diffraction patterns recorded. The superposition of the recorded
pattern with the pattern reported in the ICDD PDF-4+ database
for calcite confirmed the structural nature of the synthesized
calcium biomorph (Figure 4a, Table 1). The analysis of the
patterns registered for the biomorphs obtained at the different
temperatures also confirmed that they correspond to the calcite
polymorph.

These results agree with those reported by other groups that
mention that the calcite polymorphism has been mostly
conserved since the Precambrian era until the present one.”
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Figure 6. Identification of the crystalline phase of BaCO; biomorphs through Raman spectroscopy: (a) 25 °C, (b) 4 °C, (c) —20 °C, and (d) =70 °C;
(i) optical image, (ii) Raman spectra, and (iii) confocal images. All biomorphs show the crystalline witherite structure.

In this manner, CaCOy3, as the bioinorganic compound of the
hard parts in many organisms, has been conserved mainly as
calcite.”” It is considered that during the lower Ordovician

period, the ample deposition of calcium carbonate was a

. " Co 2627
substrate to give origin to new microbial communities.””

CaCOj; has had such an impact since that period that nowadays
many of the members of the five kingdoms of organisms

synthesize this compound.”” Among prokaryotes that contain



a)25°C

Figure 7. SrCOj; silica biomorphs visualized through SEM: (a) 25 °C;
(b) 4 °C; (c) —20 °C; (d) =70 °C.

calcite are those of the phylum Pseudomonads; in eukaryotes are
those of phyla Dinoflagellate, Haptophyte, Rhodophyta,
Chlorophyta, Sphenophyte, Charophyta, Foraminifera, Myx-
omycota, Bryophyta, Tracheophyte, Porifera, Cnidaria, Platy-
helminthes, Bryozoa, Brachiopoda, Annelida, Sipuncula, Mol-
lusca, Arthropoda, Echinodermata, and Chordata.”* In sum-
mary, it is in eukaryotes where calcite forms an important
constituent of hard parts. The calcite synthesis mechanism in the
different organisms has been described specifically for
prokaryotes or eukaryotes. In this way, in prokaryotes,
stromatolites are the means by which these microorganisms
have conserved CaCOj synthesis.”® Additionally, other research
teams indicate that CaCO; accumulation is achieved in
microorganisms that inhabit calcium-rich waters, which
currently correspond to the fresh water reservoirs.”” In
eukaryotes, during millions of years, several phylogenetic groups
developed the ability to form mineralized skeletons or shells.””°
In addition, it is possible that pressure on selection induced
eukaryotes to form composite skeletons. Hence the different
types of skeletons evaluated concluded that most mineralized
skeletons of organisms formed during the Cambrian era were a
protection against predators.”’ Predation was possibly the main
pressure for eukaryotes to form a mineralized skeleton or a
diversity of shells. Although in the case of other skeletons of
organisms, like radiolarians and sponges, there is no hypothesis
yet on the mechanism of formation of their skeleton. After
having formed a mineralized skeleton, organisms were able to
incorporate ions to the skeletons, like calcium, giving origin to
calcium mineralized skeletons or shells. However, until now, it is
not known accurately which of the two CaCOj; polymorphs,
either aragonite or calcite, prevailed in the first calcium
mineralized skeletons. Data indicate the calcite polymorph
predominated and with ongoing years in some organisms this
polymorph was substituted by the aragonite polymorph. This
conservation of calcium mineralized skeletons or shells
(probably calcite at the beginning) conferred some protection

to organisms present in the glacial era to be able to survive.
Although we do not have any clues on the overwhelming
mechanism by which organisms survived that era, it is true that
the synthesis of a biomineralized skeleton is a process that has
been conserved for millions of years, and it is probably one of the
few mechanisms that has the probability of being preserved in
the future as part of the evolution of life.

3.2. The Morphology of Barium and Strontium
Biomorphs Depends on the Temperature and Not on
Their Chemical Composition. Since some decades ago, it has
been described that the barium or strontium silica—carbonates
imitate the irregular curved shapes presented by living
organisms, such as spirals, cardioids, and curls, among
others.”* Interestingly, during Earth’s formation, before the
first biomolecule appeared (RNA for instance), objects that
seem to be fossils were formed, but they are, in fact, of inorganic
origin.”* Aiming at emulating and knowing the morphology that
fossils could have adopted during the glacial era, we synthesized
barium and strontium biomorphs at 4 °C, =20 °C, and —70 °C.
Barium biomorphs at the control temperature (25 °C)
presented mainly a morphology of leaves, flowers, and helices
(Figure Sa). This morphology is characteristic of barium
carbonate biomorphs.”® However, barium biomorphs synthe-
sized at 4 °C and —20 °C presented spherical shape (Figure
Sb,c), whereas those obtained at —70 °C presented morphology
of leaves and spheres (Figure 5d). Once the morphology of the
biomorphs obtained at low temperatures had been established,
we proceeded to assess their chemical composition through
Raman spectroscopy and by X-ray diffraction.

Raman spectra of control biomorphs and those obtained at
low temperatures allowed us to identify bands at 93—102, 138—
144, 154—162, 222—226, 691—696, and 1063 cm™" (Figures 6
and S3). These vibrations correspond to BaCO; in its crystalline
witherite structure, which belongs to the orthorhombic space
group.

The analysis of the patterns recorded at the different
temperatures of the BaCO; biomorphs through synchrotron
X-ray diffraction, confirmed that the BaCO; biomorphs
obtained at the different temperatures corresponds to the
witherite polymorph. The superposition of the pattern recorded
at 4 °C with the reported pattern for the witherite polymorph is
shown (Figure 4b and Table 1) as representative of the patterns
recorded for the different temperatures. This finding is
consistent with reports in the literature.”>*® Strontium
biomorphs obtained at environmental temperature presented a
circular morphology, with a crystal order surrounding the
circular structure (Figure 7a), whereas biomorphs synthesized at
4 °C and —20 °C showed a spherical morphology (Figure 7b,c).
Biomorphs produced at =70 °C revealed a morphology of
leaves, spheres, and circles (Figure 7d).

Determination of the crystalline structure of strontium
biomorphs revealed Raman spectra bands at 150—153, 182—
186, 237, 249—255, 702—704, and 10711075 cm™" (Figures 8
and S4). The identified bands correspond to SrCOj in its
crystalline strontianite structure (Figures 8 and S4). The
crystalline structure of the SrCO; biomorphs is corroborated
by synchrotron X-ray diffraction. The crystalline structure of the
biomorphs obtained at the different temperatures correspond to
the strontianite polymorph.

The results obtained from the synchrotron X-ray powder
diffraction (Table 1) data agree with the results obtained in the
Raman spectra analysis, also reported by other research teams.*®
The lattice parameters presented in Table 1 confirm that all
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results analyzed by Raman spectroscopy are similar to those
using X-ray diffraction. This characterization was used as a
double test to confirm our spectroscopic characterization. The
fact that both the BaCO, (Figure Sb,c) and the SrCOj; (Figure

7b,c) biomorphs adopted the spherical morphology at 4 °C and
—20 °C. This fact indicates that the spherical morphology of
these biomorphs (that are not single crystals but aggregates of

many single crystals) depends on factors that are not related to



the interactions among the atoms building the crystal structure.
These factors concern two kinds of interactions: the interactions
between crystal surfaces and the surrounding mother phase
(solid/solution interface energy) and the interactions between
different crystals in a stagnant growth medium (since the growth
solution is not stirred). The spherical shape of the aggregate is
that minimizing the total surface energy of the system; therefore,
the role of atoms is independent of the crystallization
temperature, while the interfacial energies (and then surfaces)
play a fundamental role with temperature change. The
arrangement of atoms to generate characteristic morphologies
of the barium and strontium biomorphs (Figures Sb,c and 7b,c)
at low temperatures can be extrapolated to the organisms that
existed and survived during the glacial era, which have possibly
been conserved in habitats at low temperatures like the
Antarctic. This continent of the Earth is considered to contain
7% of the water of all lakes inhabited by microorganisms, many
of which have not been identified yet.”” Among the micro-
organisms inhabiting the Antarctic are Pseudomonas versuta,”®
bacteria of the families Nitrospiraceae, Gallionellaceae,
Comamonadaceae, Hydrogenophilaceae, Holophagaceae, De-
sulfobulbaceae, Anaerolineacea, Demequinaceae, Synthropha-
ceae, Actinomycetales, Methylophilaceae, and Rhodocycla-
ceae,”” bacteria isolated from accretion ice of the Antarctic
subglacial lake Vostok, such as Methylobacterium sp. strain
v23,* Candidatus nitrotoga, Sideroxydans, Thiobacillus, Albidi-
ferax, and Smithella, among others,*" as well as Archaea like
Candidatus nitrosoarchaeum,*' and fungi, mainly of Geomyces,
Cadophora, Holwaya, Cryptococcus, Debaryomyces, Phoma,
Rhodotorula, and Mucor genera.*” These microorganisms can
live in freezing habitats because they produce an antifreeze
protein.*”** Interestingly, many of these microorganisms
present a spherical morphology, specifically in the form of
coccus.” This fact indicates that in the glacial era, micro-
organisms adopted the most stable morphology (to protect the
genetic material), which together with other environmental
factors and their metabolism probably allowed them to survive
from that era until the present day. In order to prove this
assumption, we will include in future experiments genomic DNA
or RNA in the synthesis of biomorphs at these temperatures to
see if these shapes are preserved or there are changes in the
crystalline phases of silica—carbonates.

4. CONCLUSIONS

The rhombohedral and druse morphology presented by calcium
silica—carbonate biomorphs at environmental and druse
morphology at low temperatures suggests that it is one of the
conserved structures since the glaciation events that occurred in
the Precambrian era. In contrast, barium and strontium silica—
carbonate biomorphs remarkably changed their morphology
depending on temperature, which makes them poor candidates
to be selected by certain organisms as fundamental character-
istics through time. However, in the cases of spheres formation
of silica—carbonates of Ba and Sr, it is important to remark that
the sphere in nature is a shape made to protect the internal
contents in terms of slow exchange of heat and energy, though at
higher temperatures the calcium carbonate biominerals were
preserved along time. Hence the skeletons and shells of
organisms that survived from those eras until the present day
are a very valuable source of information, as they will allow us to
unveil the intricate mysteries of the chemical origin of life. Our
research team is interested in the study of these aspects of the
chemical origin of life during the primitive Earth.
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