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Abstract:Calcite growing in biomimetic hydrogel environments incorporates the gel during its growth. The amount of occluded gel
within the composite is mainly determined by the interaction between gel strength and crystallization pressure, with the latter being
directly related to supersaturation and growth rate. In previous work we established a direct correlation between increased amounts of
occluded gel with misorientations in the growing calcite crystals or aggregates. The presence of Mg2+ in the growth environment
adds complexity to the internal structuring of the mineral.In this contribution we examine the effects of Mg2+ on the mechanical
parameters of gelatin hydrogel and silica hydrogel by mechanical shear stress tests, we determine characteristics of the gel fabric
occluded in the calcite using selective etching techniques and high-resolution field emission scanning electron microscope (FE-SEM)
imaging, and we use electron backscatter diffraction (EBSD) to study co-orientation or misorientation in the calcite crystals or
aggregates.We show that two independent mechanisms are responsible for the complex impact of Mg2+ in the growth medium on the
calcite/gel composites. First, addition of 0.1 M Mg2+ reduces the yield-strength of the gels by about 50%. While gelatin gel shows
continuous strain hardening in a similar way for Mg-bearing and Mg-free systems, the silica-gel weakens after reaching an ultimate
shear strength, where the strain associated with the maximum in strength shifts by 350% to higher values. The decreased gel strength
in the Mg-bearing systems leads to decreased amounts of occluded gel. Second, incorporation of Mg2+ in the growing calcite (i)
increases its solubility and thus decreases crystallization pressure, and (ii) introduces small angle grain boundaries due to misfit
strains which lead to “split growth”, i.e. misoriented subunits of the calcite or – ultimately – spherulitic growth. Our study further
clearly shows that Mg not only influences the organization of the mineral component within the aggregate but also the fabric of the
occluded gel matrix. The fabrics of the occluded gel change from compact gel membranes to finely dispersed networks with
increasing Mg and, correspondingly, decreased crystallization pressure via increasing solubility as more Mg incorporates into calcite
structure. This circumstance initiates the large variety of calcite crystal co- and misorientation patterns and hierarchical assemblies
that we find in the investigated composites.
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1. Introduction

The understanding of factors that control biomineralization
has greatly advanced in the last decades, due to the in-depth
characterization of the organic and inorganic components
that constitute numerous biological hard tissues at different
scale levels (Weiner & Traub, 1980; Fritz & Morse, 1998;
Blank et al., 2003; Marin & Luquet, 2004; Robach et al.,
2005; Addadi et al., 2006; Nudelman et al., 2006; Fratzl
& Weinkamer, 2007; Griesshaber et al., 2007; Marin
et al., 2008; Sethmann & Worheide, 2008; Alvares et al.,

2009; Robach et al., 2009; Checa et al., 2011; Goetz
et al., 2011; Gries et al., 2011; Seidl et al., 2011; Li
et al., 2011b; Sunaband & Bhushan, 2012; Bar-On & Wag-
ner, 2013; Dunlop & Fratzl, 2013; Griesshaber et al., 2013;
Goetz et al., 2014; Huber et al., 2014). This understanding
has been further promoted by the results of biomimetic crys-
tallization experiments conducted under well-defined condi-
tions (García-Ruiz et al., 1995; Grassmann et al., 2002; Han
et al., 2005; Cheng & Gower, 2006; Wang et al., 2006;
Pokroy & Aizenberg, 2007; Huang et al., 2008; Otalora
et al., 2009; Nindiyasari et al., 2014a, b, 2015) as well as
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recent experimental and theoretical developments that have
identified the role of amorphous precursors in the formation
of biominerals (Cölfen & Antonietti, 2008; Gower, 2008;
Meldrum & Cölfen, 2008; Cölfen, 2010; Dey et al., 2010;
Gebauer & Cölfen, 2011; Weiner & Addadi, 2011; Wolf
et al., 2011; Cartwright et al., 2012). Further advances can
be expected to result from the application of methodologies
typically used in the study of biological hard tissues for the
characterization of organic-inorganic composites formed in
biomimetic systems under controlled conditions (Sethmann
et al., 2007; Li et al., 2009; Kim et al., 2014; Nindiyasari
et al., 2014a, b, 2015).
Most biomineralization processes occur in chemically

complex water-rich gelatinous environments which contain
different proportions of polysaccharides, proteins and glyco-
proteins (Lowenstam & Weiner, 1989; Mann, 2001). This
common characteristic that is shared by both, biomineraliza-
tion environments and artificial hydrogels, render the latter as
excellent model systems for conducting biomimetic experi-
ments (García-Ruiz, 1991; Grassmann et al., 2002; Suga-
wara et al., 2003; Simon et al., 2004; Dorvee et al., 2012).
Several studies have proven that hydrogels are versatile sys-
tems that can be fine-tuned in order to resemble more closely
the characteristics of biological mineralization environments
(Fernández-Díaz et al., 1996; Kosanovic et al., 2011; Asen-
ath-Smith et al., 2012; Sancho-Tomás et al., 2013, 2014a, b).
A wide variety of hydrogels are used for biomimetic crystal-
lization experiments, among which polyacrylamide, silica,
agarose and gelatin gels are currently studied most (Henisch,
1988; Kniep & Simon, 2007; Helbig, 2008). Specific charac-
teristics of the different hydrogels differ significantly
depending on aspects such as the reversibility or irreversibil-
ity of the gelation process (physical or chemical hydrogels),
the interactions that hold their matrices together, their poros-
ity, and the absence or presence of functional groups on their
pore walls (Asenath-Smith et al., 2012).
One of the most common carbonate components of bio-

logical hard tissues is calcite. Depending on phyla, calcite
can incorporate magnesium in concentrations which are
widely variable (Lowenstam & Weiner, 1989; Aizenberg
et al., 1995; Mann, 2001; Bentov & Erez, 2006; Politi
et al., 2006). In previous work we used different hydrogels
in Mg-free and Mg-bearing biomimetic environments to
grow calcite-gel composites (Nindiyasari et al., 2014a, b)
and studied characteristics of composite formation and com-
posite aggregate growth. Electron backscatter diffraction
(EBSD) measurements performed on these composites evi-
denced internal structuring, that is significantly more com-
plex in composites formed in organic hydrogels like
gelatin, agar or agarose than in those grown in silica hydrogel
(Nindiyasari et al., 2015; Greiner et al., 2018). We attributed
characteristics of this structuring as being partially related to
the different distribution patterns of the occluded hydrogel
network within the mineral component. We interpreted this
feature to be the consequence of the different mechanical
response of the hydrogel matrix to crystallization pressure
(Nindiyasari et al., 2015; Greiner et al., 2018). For compos-
ites grown in gelatin hydrogels we confirmed a direct corre-
lation between gel solid content and the amount of

incorporated gel matrix into the calcite as well as the com-
plexity of the calcite-gelatin gel structuring (Nindiyasari
et al., 2014a). This correlation strongly relates to the change
in mechanical properties of the gel (gel strength) as it
becomes denser. Furthermore, by adding a 0.1 M MgCl2
containing solution to gelatin, agarose and silica hydrogel,
we can state that the presence of Mg in the growth medium
influences the structuring of calcite-hydrogel composites by
contributing to the development of low and high angle
boundaries between crystal subunits and promoting split
growth phenomena (Nindiyasari et al., 2014b, 2015).
In the work presented here we focus on two different

hydrogels: (i) gelatin, a chemical gel, and (ii) silica, a phys-
ical gel. We deepen our understanding of the influence of
Mg in the organization of calcite-gel composites by studying
aggregates formed in the presence of different Mg concen-
trations in the growth medium: without Mg, with a low
(0.01 M) and a high (0.1 M) Mg concentration. By compar-
ing the characteristics of the obtained composite aggregates,
we aim to distinguish between those effects that can be
related to the incorporation of Mg into the calcite structure
from effects where the presence of Mg induces changes in
the mechanical properties of the gels, thereby affecting the
pattern of gel occlusion during calcite growth. Our goal in
this study is to investigate which factor has a greater influ-
ence on the formation of different calcite micro- and
mesostructures: gel occlusion or Mg incorporation into the
calcite, and to determine whether an interaction between
these two factors does exist.

2. Experimental procedure

2.1. Crystal growth

Crystallization experiments were conducted using the dou-
ble diffusion variant of the hydrogel method (Henisch,
1988). The hydrogel occupies the horizontal branch of a
U-tube, while reagents fill its vertical branches (Sancho-
Tomás et al., 2014a). Crystallization occurs within the
hydrogel column by chemical reaction following counter
diffusion of the reagents (0.5 M CaCl2 and 0.5 M Na2CO3;
Sigma Aldrich). In our experimental setup the hydrogel col-
umn was 120 mm long and 9 mm in diameter and the vol-
ume of each reagent aqueous solution was 5 mL. We
conducted experiments using two types of hydrogels, silica
and gelatin, and considered absence of Mg, and low
(0.01 M) as well as high (0.1 M) concentrations of Mg in
the growth medium. Silica hydrogel was prepared by acidi-
fying a sodium silicate solution (Merck, sp. gr.:
1.509 g cm�3; pH = 11.2) to pH = 5.5 by slow addition
of HCl (1N) under constant stirring. Magnesium-bearing sil-
ica hydrogels were prepared by adding adequate volumes of
a MgCl2 solution to the silica sol prior to gelation. Gelation
took place at 15 �C. Mg-free and Mg-bearing gelatin hydro-
gels were prepared by dissolving porcine gelatin (Sigma
Aldrich; Type A, Bioreagent) in water and in 0.01 M and
0.1 M MgCl2 aqueous solutions, previously heated at 60 �
C. The concentration of gelatin in the hydrogel was 10 wt
%. Gelation took place at 4 �C for one hour. In all the cases,
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hydrogels were left to set for 24 h at 15 �C after gelation
before pouring the reagent solutions in the deposits. All
experiments were conducted at 15 �C and run triplicate.
All solutions were prepared using high purity deionized
(Milli-Q) water.
The extraction of calcite-gel composites from silica

hydrogel was carried out by dissolving the slice of hydrogel
where these composites are located in a 1 M NaOH solution
for 20 min. Afterwards, the composites were thoroughly
rinsed with Milli-Q water, placed in an ultrasonic bath for
10 min to remove rests of silica hydrogel adhered to the
composites’ surfaces, rinsed again and finally left to dry at
room temperature. In the case of gelatin hydrogel, the gel
slice containing composites was dissolved in hot water
(60 �C). Composites were collected after filtration through
a 1-lm pore size membrane, thoroughly rinsed with hot
Milli-Q water and dried at room temperature.

2.2. Calcite–gel composites morphological
characterization

Calcite–gel composites formed in Mg-free and Mg-bearing
silica and gelatin hydrogel were selected under a binocular
stereomicroscope and hand-picked using a fine painting
brush. The crystals were then mounted on holders, coated
with gold and/or carbon. Scanning electron microscopy
(SEM) images of these composites were obtained using
JEOL JSM6400 (40 kV) and JEOL JSM335F (30 kV)
microscopes equipped with energy dispersive spectrometers
(LINK Ex1; Oxford Instruments 80 mm2 X-Max SDD). In
the case of calcite-silica hydrogel composites, a conservative
treatment meant to avoid any alteration of their surfaces was
followed during their separation from the hydrogel. As a
result, small amounts of silica hydrogel remained on the sur-
face of some of the aggregates, which negatively affected
the quality of some of the SEM images.

2.3. Preparation for SEM imaging of the etched
crystal/hydrogel composites

The preparation was started by gluing the crystal on the alu-
minium cylinder holder. The samples were first cut using an
Ultracut ultramicrotome (Leica) using glass knifes to obtain
plane surfaces within the material, as close as possible to an
equatorial plane of the crystal aggregate. In the case of sam-
ples grown in silica hydrogel, these surfaces were cut either
approximately parallel to (104), when their habit approached
a rhombohedron, or through their largest axis, when aggre-
gates showed dumbbell-like morphologies. These surfaces
were then polished with a diamond knife (Diatome) by step-
wise removal of material in a series of sections with succes-
sively decreasing thicknesses (90 nm, 70 nm, 40 nm, 20 nm,
10 nm and 5 nm, each step was repeated 15 times) (Fabritius
et al., 2005; Nindiyasari et al., 2014a, b, 2015). The pol-
ished crystals were etched using 0.1 M HEPES
(pH = 6.5) containing 2.5% glutaraldehyde as a fixation
solution. The etching time was 90 s. The etched samples
were then dehydrated in 100% isopropanol for 10 s three

times and critical point dried in a BAL-TEC CPD 030
(Liechtenstein). The etched samples were imaged using a
Hitachi S5200 field emission scanning electron Microscope
(FE-SEM) at 4 kV after drying and rotary coating with 3 nm
platinum.

2.4. Preparation for electron backscatter diffraction
(EBSD) of the decalcified crystal/hydrogel composites

EBSD measurements required a highly even surface. The
composites were embedded into EPON resin and were pol-
ished using diamond suspension down to a grain size of
1 lm. The final polishing was performed using silica etch-
polishing with colloidal silica (particle size ~ 0.06 lm).
The polished samples were coated with 4 nm of carbon.
The EBSD measurement was run at 20 kV on a FEG-
SEM (JEOL JSM 6400) equipped with an Oxford Instru-
ments NordlysNano EBSD detector.

2.5. Hydrogel shear stress characterization

Circular samples, 50 cm in diameter and 2.5 cm height, of
Mg-free and Mg-bearing (0.01 M and 0.1 M) gelatin and sil-
ica hydrogels were prepared by pouring the corresponding
sol in a metallic mold. After gelation took place the samples
where left to set for 18 h. They were then placed in a shear
box, within a deformation ring. This box comprises two
parts: an upper one, which remains fixed, and a lower one,
which can be horizontally displaced. Shear strength measure-
ments were conducted on the gel samples at 25 �C and under
dry conditions using the standard Direct Shear Test configu-
ration (ASTM D 3080, 2011). This configuration involves
applying a direct shear stress (s), which results in the sample
sliding along a defined horizontal failure plane at a constant
rate (0.05 mm min�1). A constant vertical load was applied
(rn = 33 kPa) in the case of gelatin gels. Measurements on
silica gels were performed without vertical load to avoid
both, vertical deformation and high water loss. The resulting
horizontal displacement was continuously recorded at a con-
stant rate during the test. The experiment was stopped after
the samples had reached 20% horizontal deformation. The
shear and normal stress data were calculated considering
the decreasing area of contact between the upper and lower
surfaces of the sample as the displacement progressed. The
maximum shear stress required to cause slip (shear strength
sf), as well as the shear-strain evolution of the six gel samples
were estimated from the variation of the shear stress as a
function of the horizontal movement.

3. Results

3.1. Morphologies and composition of gel/calcite
composites grown in Mg-free and Mg-bearing silica
and gelatin hydrogels

Morphological features of calcite-gel composites strongly
vary with the type of hydrogel that is used, but are also
affected by the presence of Mg in the growth medium
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(Figs. 1 and 2). Composites grown in Mg-free silica hydro-
gel appear as hopper crystals with strongly terraced (104)
surfaces and edges that are alternatingly straight and curved,
reproducing the calcite �3 fold axis (Fig. 1a). When MgCl2 is
added to the silica gel, calcite/gel composites show a dumb-
bell-like morphology characterized by a marked equatorial
cleft. This morphology results from the radial arrangement
of flat-surfaced units bounded by highly stepped rhombohe-
dron faces (Fig. 1b, c). Differences in the concentration of
MgCl2 in the hydrogel are reflected by slight microstructural
changes of the composites, with those formed in the

presence of higher MgCl2 concentration consisting of a
higher number of mutually misoriented units (Fig. 1b, c).
EDX analyses taken on the surfaces of these composites
yield Mg contents that are in the range 0.1–2.6 mol%
MgCO3 in those grown in 0.01 M Mg-bearing silica hydro-
gel and 1.5–4.5 mol% MgCO3 in those formed in 0.1 M
Mg-bearing silica hydrogel.
Calcite/gel composites grown in Mg-free gelatin hydrogel

show dumbbell-like to spherical morphologies (Fig. 1d).
Composites formed in MgCl2-bearing gelatin hydrogels
have a variety of morphologies which range from radial
spherulites to sphere-like aggregates (Fig. 1b, e) and from
dumbbell- to sphere-like aggregates (Fig. 1c, f) in gelatin
hydrogel bearing 0.01 M and 0.1 M MgCl2, respectively.
In both cases (0.01 M and 0.1 M MgCl2 in the gelatin
hydrogel) sphere-like aggregates are the most common.
Figure 1e and f shows this type of composites that are
formed in gelatin bearing 0.01 M and 0.1 M MgCl2, respec-
tively. EDX analyses collected on the surfaces of sphere-like
calcite/gelatin composites yield Mg contents that varied
between 10 mol% and well above 20 mol% MgCO3 in both
composites grown in gelatin with 0.01 M and 0.1 M MgCl2.

3.2. Hydrogel fabric and the micro- and mesoscale
structures of the composite aggregates

Figure 3 shows the mesoscale composite nature of the inves-
tigated gel/mineral aggregates obtained without (Fig. 3a, d)
and with Mg (Fig. 3b–d, f) in the growth medium. In the
case of silica gel (Fig. 3a–c) we observe that the size of
the mineral units in the composite decreases with the addi-
tion of magnesium. Thus, high concentrations of Mg in
the growth medium appear to have the effect that the silica
network is more dispersed in the silica gel/calcite aggregate.
In gelatin gel/calcite aggregates (Fig. 3d–f) we observe

the occlusion of gel membranes and fibres. In Mg-free
growth environments (Fig. 3d), thick gelatin gel membranes
are occluded and separate individual and large calcite sub-
units of the aggregate from each other. A small amount of
Mg evokes the formation of irregular membranes within
the aggregates (Fig. 3e). These are thinner in comparison
to those present in aggregates grown without Mg in the
growth medium and form irregularly shaped and sized com-
partments that are filled with calcite. A fine network of gela-
tin gel fibres fills the space between calcite crystallites. For
high MgCl2 concentration (0.1 M) in the growth medium
gelatin gel membranes are not observed in the gel/calcite
aggregate. The fabric of the gel constitutes a fibre network
well visible between blocky calcite units.
Figure 4 highlights calcite co- and misorientation derived

from EBSD measurements. Figure 4a–c shows orientation
results obtained for aggregates grown in silica gel, while
Fig. 4d–f shows calcite orientation in aggregates that were
obtained in gelatin gel. Calcite orientation is presented
colour-coded with EBSD maps and corresponding pole
figures. In the Mg-free case we observe a good, single-
crystal-like co-orientation of the calcite in the mesocrystal
composite over distances of more than 100 lm (Fig. 4a, d).

Fig. 1. FE-SEM images of calcite/gel composites grown in silica
(a–c) and gelatin (d–f) hydrogels without (a, d) and with Mg (b, c, e,
f). (a) Hopper crystal bounded by strongly terraced (104) surfaces
grown in Mg-free silica hydrogel. (b) Dumbbell-like composite
grown in 0.01 M MgCl2-bearing silica hydrogel. Note the equatorial
cleft and the radial arrangement of units. (c) Dumbbell-like
composite grown in 0.1 M MgCl2-bearing silica hydrogel. Note
that the composite is broken through the equatorial cleft and the
image corresponds to a half of the dumbbell. EDX analyses on the
surface of the composites in (b) and (c) yield Mg contents around 1
and 3 mol% MgCO3, respectively. (d) Pseudospherical calcite-gel
composite formed in Mg-free gelatin hydrogel. (e) Curved-surfaced
calcite-gel composite formed in 0.01 M Mg-bearing gelatin
hydrogel. (f) Sphere-like calcite-gel composite formed in a 0.1 M
MgCl2-bearing gelatin hydrogel. EDX analyses on the surface of
composites shown in (e) and (f) yield Mg contents around 15 and
17 mol% MgCO3, respectively.
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With the addition of MgCl2 and the increase of its concentra-
tion in the silica gel, crystal co-orientation decreases and a
radial aggregate consisting of a few subunits (Fig. 4c) is
formed. In the case of aggregates grown in gelatin gel, as
Mg concentration in the growth medium increases we
observe the change from radial aggregates that comprise
few subunits (Fig. 4b, e) to spherulites (Fig. 4f) (this work
and see also Nindiyasari et al., 2015). As Fig. 4b, e shows,
even the presence of low Mg contents in the growth medium
highly influences the mesoscale structure of the aggregate,
an effect that is most pronounced when the aggregate grows
in gelatin gel.
Figure 5 graphically summarises and highlights the

different influence of both, the type of hydrogel and the con-
centration of Mg in the growth medium in defining the
characteristics of calcite assembly (Fig. 5a–f) and the com-
posite aggregate microstructure (Fig. 5g).
Texture sharpness, the strength of calcite co-orientation, is

expressed with MUD values. The MUD value is defined as
the multiple of uniform (random) orientation (Kocks et al.,
2000). A calcite single crystal precipitated from solution,
devoid of any gel, has a MUD value of 725 (Kim et al.,
2014; Nindiyasari et al., 2014b, Greiner et al., 2018). The
mesocrystalline calcite grown in silica and gelatin gels
shows a mainly single-crystal-like co-orientation despite
the gel occlusion. Furthermore, the occlusion of both gels
seems to have an almost negligible effect, especially that
of silica gel, on calcite misorientation (Fig. 5a: MUD of sil-
ica gel grown aggregate: 690; MUD of gelatin gel grown
aggregate: 590). In addition, the different effects that the
gels exert on the co-orientation or misorientation of calcite
crystals in the aggregate is also well observable. As the
lower MUD value of the aggregate grown in gelatin gel
compared to that grown in silica gel shows, Mg-free gelatin
gel does exert a slight influence on calcite crystal assem-
bly and promotes a slight misorientation between calcite
crystallites. Silica gel, on the other hand, has almost no
detrimental effect on co-orientation (MUD: 690 vs. 725
for calcite precipitated in solution). The concomitant
decrease of MUD values coupled to an increase in Mg con-
tent in the case of silica gel is well demonstrated in Fig. 5b, c
and g. For gelatin gel we see a slightly different behaviour.

As Fig. 5e, f and especially Fig. 5g highlight, even a small
addition of MgCl2 to gelatin gel has a drastic effect on
calcite organization and causes significant misorientation
between the crystallites in the aggregate.

3.3. Mechanical behaviour of silica and gelatin gels

The macroscopic mechanical response of silica and gelatin
hydrogels, both Mg-free and Mg-bearing was studied by
conducting direct shear stress tests. The shear stress-shear
strain curves of gelatin gels, both Mg-free and Mg-bearing
(0.01 M and 0.1 M) are depicted in Fig. 6a. The three curves
are characterised by an initial elastic stage, with a high shear
modulus, which is followed by a strain hardening behaviour
with progressive deformation. This behaviour is similar for
the three studied gelatin samples. The characteristics of the
three shear strength-strain curves are consistent with gelatin
gels showing an elasto-plastic mechanical behaviour,
regardless the concentration of MgCl2 added to the gel. Dif-
ferences between the three gels refer to the strain stage for
yielding point (point where the elastic behaviour is lost),
which is higher in the Mg-free gelatin gel and becomes
smaller as the Mg content increases. Mg-free gelatin gel also
shows the highest stress values for given horizontal dis-
placements, while the lowest stress values correspond to
the gelatin gel with the highest Mg content.
The shear stress-strain curves shown in Fig. 6b illustrate

the contrast between the mechanical responses of gelatin
and silica gels. While, as explained above, the mechanical
response of gelatin hydrogels can be described as elasto-
plastic, with a marked continuous hardening under strain,
silica hydrogel shear stress-strain curves are characterized
by an initial stress increase to reach a maximum, which is
followed by a stress decrease and finally a stress plateau
at high strain values. It is worthwhile to note that the addi-
tion of MgCl2 to the silica gel significantly shifts the posi-
tion of the maximum stress towards larger values of
horizontal displacement, as evidenced by comparing shear
stress-strain curves of Mg-free and 0.1 MMgCl2-bearing sil-
ica hydrogels (Fig. 6b). Slip failure was not observed in any
of the samples in the considered range of horizontal
displacements.

Fig. 2. The wide variety of aggregate morphologies obtained in growth experiments carried out with 10 wt% gelatin in an Mg-free
environment.
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4. Discussion

4.1. Hydrogel incorporation and formation
of gel/calcite composites

The incorporation of hydrogel matrices into calcite aggre-
gates was early reported (Nickl & Henisch, 1969) and was
subsequently investigated in great detail for a large variety
of gels (Grassmann et al., 2002; Li & Estroff, 2007; Huang
et al., 2008; Li & Estroff, 2009; Simon et al., 2011; Li et al.,

2011a; Asenath-Smith et al., 2012; Nindiyasari et al.,
2014a, b, 2015). Ca-Carbonate biominerals in mollusk and
brachiopod shells also commonly show occlusion of bio-
logic polymers which are present during their growth
(Nindiyasari et al., 2015). The gel-incorporation observed
in the present paper leads to mesocrystals which are com-
posites formed as the crystallization of the calcite percolates
through the gels. The crystal faces and growth terraces
reflect the characteristic geometry of the rhombohedral unit
cell of calcite. Thus, these mesocystals form by classical

Fig. 3. FE-SEM images of microtome cut, polished, etched and critical point dried surfaces showing gel/calcite composites that were
obtained from silica (a–c) and gelatin (d–f) hydrogels without (a, d) and with (b, c, e, f) the presence of Mg in the growth medium. In the
case of calcite that grew in silica gel, a decrease in the size of the mineral units in the composite correlates with an increase in Mg in the
growth medium. In calcite/gelatin gel aggregates, those formed in Mg-free growth environments show thick membranes separating large
mineral subunits (d). Gelatin membranes, though less thick than in aggregates formed in the absence of Mg, are also present in aggregates
grown in the presence of low Mg concentrations, where they form sheaths around irregularly sized mineral units (e). No membranes are
observed in aggregates formed in gelatin bearing high Mg concentration, where the occluded gel matrix is present as a dense network of
fibres that infiltrates calcite with a blocky appearance.
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Fig. 4. Calcite orientation results derived from EBSD. Crystal orientation is presented colour-coded in EBSD maps and corresponding pole
figures. The used colour code is given at each EBSD map. Figures a–c show orientation patterns for calcite grown in silica gel. Figures d–f
show orientation patterns for calcite aggregates obtained in gelatin gel. (a, d) Mg-free growth environment, (b, c, e, f) Mg-containing growth
environment. An increase in Mg induces the development of small and large angle boundaries resulting in a mesoscale structuring of the
aggregate.
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Fig. 5. Texture sharpness in the investigated aggregates. Calcite co-orientation is expressed as multiples of uniform (random) orientation
(MUD). Calcite single crystal has a MUD of 725, while all other aggregates show lower MUD values due to the incorporated gel matrix. In
Mg-free environments the gel network has little effect on the mesoscale structure of calcite and the aggregate is close to a single crystal,
though the effect of gelatin gel occlusion is significantly higher than that of silica gel. The addition of Mg drastically changes the
microstructure and texture and initiates the high hierarchical misorientation of calcite within the aggregate.Shear stress as a function of
horizontal displacement. (a) Shear stress-strain curves of gelatin gel free of Mg and containing 0.01 M and 0.1 M MgCl2. The three gelatin
samples show a distinct elasto-plastic behaviour, characterized by a marked strain hardening with deformation. (b) Comparison of the shear
stress-strains curves of Mg-free gelatin gel, Mg-free silica gel and 0.1 M Mg-bearing silica gel. While gelatin gel has an elasto-plastic
behaviour under applied shear stress, silica gel shear strength-shear strain curves show a maximum value that shifts towards larger
displacements with higher Mg contents. The shape of these curves is compatible with a more brittle behaviour of silica gel. Neither gelatin
gel nor silica gel samples show any evidence of slip failure in the range of strain explored.
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atom-by-atom growth rather than by an assembly of
nanoparticles of either calcite or any other transient phase.
Accordingly, the observed co-orientation characteristics of
the composite mesocrystals simply derive from classical
crystal growth, and no complex co-orientation mechanism
of hypothetical nanoparticles needs to be hypothesized.
Even though hydrogel incorporation into calcite is a general
phenomenon, the characteristics of incorporation are vari-
able and depend mainly on the type of the used gel and
the concentration of the solid within the gel (Nindiyasari
et al., 2014a, 2015). Estroff and co-workers characterized
major parameters that control hydrogel incorporation into
calcite (Nickl & Henisch, 1969; Li & Estroff, 2007;
Kosanovic et al., 2011) and based their approach on the
force completion model for crystallization (Chernov et al.,
1976; 1977; Chernov & Temkin, 1977; Chernov, 1984), a
model developed to describe crystallization in the presence
of particles. Following this model Estroff and collaborators
defined crystallization pressure and gel strength as the major
controlling parameters for the incorporation of the gel into
the growing crystal. The crystallization pressure is the pres-
sure that the growing crystal exerts against the growth med-
ium. It increases with the growth rate and, consequently,
with the supersaturation (Chernov, 1984; De Yoreo &
Vekilov, 2003). The gel strength defines the maximum crys-
tallization pressure that the hydrogel network can resist
without breaking or being pushed aside (Asenath-Smith
et al., 2012). The balance between crystallization pressure
and gel strength defines the amount of hydrogel network
that is incorporated into calcite crystals during their growth.
Higher growth rates and stronger hydrogels favour higher
degrees of gel network incorporation, whereas low growth
rates and weak hydrogels result in the gel network being
pushed aside during crystallization (Asenath-Smith et al.,
2012, Greiner et al., 2018).

4.2. Micro- and nanostructural organization of calcite
in silica gel/calcite aggregates

Further advances in understanding the formation of gel/cal-
cite composites result from the detailed characterization of
micro and nanostructural features of the aggregates (Nin-
diyasari et al., 2014a, b, 2015; Greiner et al., 2018). The
comparison of composites formed in silica and gelatin gels
(see also Nindiyasari et al., 2015) highlights important dif-
ferences in the ways in which the gel network is occluded
into and organized within the growing mineral. These differ-
ences entail distinct features of calcite co-orientation pat-
terns. The observed microstructural characteristics of
calcite-silica gel composites can be explained with the sim-
ple model proposed by Estroff and collaborators (Asenath-
Smith et al., 2012) to explain the relationship of growth rate
and gel strength with gel occlusion. The addition of Mg to
the growth environment, in the case of silica gel, has a fur-
ther effect related to the incorporation of Mg into calcite
structure, in amounts that are always low but increase with
Mg concentration in the growth medium. Mg incorporation
has a twofold effect on calcite assembly and growth: (i) it
increases the solubility of calcite and (ii) it generates lattice
strain in the calcite structure. The first effect decreases
the crystallization pressure because for given physico-
chemical conditions the supersaturation of the system with
respect to Mg-bearing calcite is lower than with respect to
pure calcite. Moreover, a further decrease in the growth
rate will result from the inhibiting effect of Mg on calcite
crystallization (Davis et al., 2000; Astilleros et al., 2003,
2010). As a result, the particles constituting the silica gel
network will be rather pushed aside than incorporated within
the mineral as a higher Mg concentration determines slower
growth rates and lower crystallization pressures. The brittle
nature of silica hydrogel also contributes to a low gel occlu-
sion (Nindiyasari et al., 2015). The brittle nature of silica

Fig. 6. Shear stress as a function of horizontal displacement. (a) Shear stress-strain curves of gelatin gel free of Mg and containing 0.01 M
and 0.1 M MgCl2. The three gelatin samples show a distinct elasto-plastic behaviour, characterized by a marked strain hardening with
deformation. (b) Comparison of the shear stress-strains curves of Mg-free gelatin gel, Mg-free silica gel and 0.1 M Mg-bearing silica gel.
While gelatin gel has an elasto-plastic behaviour under applied shear stress, silica gel shear strength-shear strain curves show a maximum
value that shifts towards larger displacements with higher Mg contents. The shape of these curves is compatible with a more brittle
behaviour of silica gel. Neither gelatin gel nor silica gel samples show any evidence of slip failure in the range of strain explored.
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hydrogel compared to gelatin gel is evident by the different
characteristics of the shear strength-strain curves of both
materials, as depicted in Fig. 6b. The second effect of Mg
on calcite growth, the generation of lattice strain associated
with Mg substituting Ca in the calcite structure, leads to the
formation of dislocations as a means to release this strain.
The distribution of dislocations at regular intervals within
the aggregate generates low angle boundaries between crys-
tal subunits (Nindiyasari et al., 2014b, 2015), explaining the
increased number of crystal subunits that constitute those
composites that formed in the presence of higher Mg con-
centration. The combination of these two effects explains
that the occluded silica network appears more dispersed
and is distributed between smaller and more numerous crys-
tal subunits in those calcite/silica gel aggregates grown in
silica gels with high Mg concentrations compared to aggre-
gates that formed in silica gel with a low Mg concentration
or, even, without Mg. Moreover, the generation of small and
large angle boundaries that is associated with the formation
of dislocations promotes split growth phenomena and
explains the evolution from single mesocrystals to radial
aggregates and the decrease in calcite co-orientation (lower
MUD values).

4.3. Micro- and nanostructural organization of calcite
in gelatin gel/calcite aggregates

Calcite/gelatin composites show a more complex internal
structure with regards to both, calcite orientation patterns
and gel network distribution and organization. The compos-
ites that grow in the absence of Mg contain thick gelatin
membranes between the subunits and show a high degree
of calcite co-orientation. With the addition of MgCl2 to
the growth medium we observe a sudden and strong
increase in the number of subunits and calcite misorientation
in the composite. This is concomitant to a decrease in the
thickness of gelatin membranes. The membranes are absent
in composites that form in a high MgCl2 concentration
environment.
The membranes observed in composites formed in gelatin

gel without Mg or with low Mg contents are the conse-
quence of the mechanical response of gelatin gel to crystal-
lization pressure. Whereas silica hydrogel behaves as a
brittle medium, gelatin can deform plastically, as demon-
strated by the different characteristics of their shear
strength-strain curves (Fig. 6b). When the balance between
crystallization pressure and gel strength is such that gelatin
fibres are pushed aside by the growing crystal, these fibres
are pushed against other fibres and become squeezed
together. This determines a local increase in the density of
fibres and induces the local reorganization of the gel net-
work, which translates into the formation of gel membranes
between the subunits. The characteristic strain hardening
displayed by gelatin hydrogels (Fig. 6a) can be the conse-
quence of the ability of gelatin fibres to be squeezed
together, leading to a gel density increase as well as reorga-
nization of the gel fabric. Explaining the changes observed
in the characteristics of gel membranes with the addition

of Mg requires considering both, those effects resulting
from the incorporation of Mg into the calcite structure
and the changes in the mechanical response of the gel that
are associated with the presence of Mg in the growth
medium.
As explained in the previous section for calcite/silica gel

composites, the incorporation of Mg into calcite induces lat-
tice strain which is released through the formation of dislo-
cations (Nindiyasari et al., 2014b, 2015). The amount of Mg
incorporated into calcite is up to ~5 times higher in gelatin
than in silica gel. Consequently, Mg-calcite grown in gelatin
gel must contain a much higher density of dislocations. This
can explain the strong increase in the number of subunits
and calcite misorientation observed with the addition of
MgCl2 to the gelatin. However, this explanation cannot
account for the differences between composites grown in
gelatin gel with low and high Mg since calcite incorporates
similar amounts of Mg in both cases. Consequently, in both
cases there must be similar densities of Mg-related disloca-
tions. As we have also explained in the previous section, Mg
also affects calcite growth by reducing the growth rate.
According to the model proposed by Estroff and collabora-
tors (Li et al., 2009, 2011a; Asenath-Smith et al., 2012), a
decrease in growth rate leads to a decrease in the amount
of gel network that becomes occluded within crystal units.
Gelatin fibres being pushed aside rather than incorporated
into the growing crystal should lead to the formation of
thicker gel membranes. This is in contradiction with obser-
vations of gel distribution in calcite/gel composites formed
in gelatin with low and high MgCl2 contents. The fact that
membranes are thinner in composites formed in gelatin with
low Mg and are absent in gelatin with high Mg could be
explained if the reduction in calcite growth rate were over-
balanced by an effect of Mg on the mechanical properties of
gelatin gel. Indeed, it has been proposed based on computer
simulations that the stiffness of gelatin fibres is significantly
affected by the presence of different elements, mostly diva-
lent cations like Mg2+, in the growth medium (Tlatlik et al.,
2006). Our results also point in this direction as evidenced
by the different shear stress-strain curves of gelatin gels with
different Mg Cl2 contents (Fig. 6a). A less plastic behaviour
of gelatin fibres associated with higher amounts of MgCl2
present in the growth medium would translate into the for-
mation of thinner to inexistent membranes, as it is observed
in the calcite-gelatin composites. The increase in the number
of subunits when crystal growth takes place in the presence
of Mg could be then the consequence of an increase in lat-
tice strain associated with Mg incorporation into calcite
structure, to which the occlusion of gelatin fibres within
the mineral adds up. Indeed, microstrain fluctuations and
decreased grain sizes are associated with the presence of
an occluded organic phase in biogenic crystals (Pokroy
et al., 2006a, b). However, further investigations that pro-
vide a better understanding of both, (i) the influence of
Mg on the microscopic, as well as macroscopic, mechanical
properties of gelatin gel and (ii) the relationship between
gelatin fibres occlusion are still required to fully validate
our interpretations.
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5. Conclusions

In this study we investigated the effect of magnesium on
calcite/gel mesostructure and strength of co-orientation for
gel/mineral aggregates grown in two distinct gels: silica
and gelatin.
Our study addresses two questions: (i) whether the gel or

the cation exchange exerts a more profound effect on
mesostructural organization and (ii) whether the cation
affects physical properties of the hydrogel as well as the
characteristics of the mineral component. Our results show,
that even though the two investigated gels are distinct,
similar developments of crystal organization can be
observed. When aggregates crystallize in growth environ-
ments devoid of magnesium, we obtain mesocrystals for
both gels with overall single-crystal-like co-orientation.
When magnesium is added to the growth medium, the char-
acteristics of the fabric of the gel incorporated into calcite
change. This change correlates with the formation of cal-
cite/gel composites which consist of a higher number of
mutually misoriented subunits. In the case of silica gel, these
composites are radial aggregates with some subunits, while
in the case of gelatin gel these composites appear as spher-
ulites. The effect of magnesium is more pronounced in those
composites that formed in gelatin gel. This marked effect is
consistent with the significantly higher incorporation of Mg
into the mineral component of composites that formed in
gelatin gel, compared to composites that formed in silica
gel. Furthermore, our results confirm that the presence of
Mg in the growth medium influences the mechanical
response of both gels. This influence is a decrease in elastic-
ity as the concentration of Mg is higher in the case of gelatin
gel, while silica gel shows more complex characteristics.
The very different mechanical response of silica and gelatin
gels, as well as the distinct effect that the addition of Mg to
the growth medium has in each case, partially explain the
observed different patterns of gel matrix distribution within
the different types of calcite/gel composites.
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