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Abstract

Deformation twinning provides a mechanism for energy dissipation in crystalline structures, with
important implications on the mechanical response of carbonate biogenic materials. Carbonate crystals
can incorporate magnesium, e.g. in the sea, modifying their elastic response significantly. We present
a full atom computational investigation of the dependence of the twinning response of calcite with
magnesium content, covering compositions compatible with three main structures, calcite, dolomite
and magnesite. We find, in agreement with experiments that the incorporation of magnesium disfavors
twinning as a dissipation mechanism in ordered structures (dolomite, magnesite), however the response
is strongly dependent on the arrangement of the magnesium ions in the crystal structure. We show
that structures with a high content of magnesium (> 33 %) in a disordered arrangement, lead to plastic
response before twinning or fracturing. We demonstrate that the position of the magnesium ions plays
a key role in the determination of the crystal deformation mode. This observation is correlated with
the formation of percolation clusters of magnesium in magnesian calcites.
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Introduction

In 1867 Friederich Eduard Reusch15 understood
that the reflecting planes observed in 1678 by Chris-
tian Huygens in Iceland spar calcite were the result
of twin gliding in the crystal due to shear defor-
mation. A star-like pattern could be seen around
the point of impact where the crystal had been
loaded by a sharp blow from a knife. Compa-
rably, when the crystal were gradually loaded by
a blunt tool, a pattern of similar character was
observed. Deformation twinning can be an elas-
tic or plastic deformation where the orientation of
molecules in the crystal is changed systematically
due to shear stress. Pressure twinning of calcite
can be seen when slicing the crystal with a sharp
blade across the edge of the cleavage plane1. There
are four known twin planes in calcite13; c = {001},
e = {018}, f = {012} and r = {104}.

Biological exoskeletons produced by various or-
ganisms such as corals, molluscs, crustaceans, for-
manifera and sea urchins are very hard materials
that dissipate applied stresses effectively through
mechanisms such as deformation twinning10 and
the presence of biogenic impurities such as proteins
that are incorporated into the crystal lattice pro-
moting its elasticity3,8,13. Furthermore, uniform
incorporation of magnesium has been found to lin-
early increase the stiffness of the material5,20 and
hence improve its hardness and wearability. The
ability of crystals to undergo twinning is an impor-
tant factor to stop crack propagation10. Hence, mi-
croscopic investigations leading to an explanation
of the the microscopic mechanism determining the
twinning response of calcium/magnesium carbon-
ate minerals is very important. To our knowledge
there are no systematic studies that address this
issue in a wide range of magnesium compositions.
High magnesian content calcites (HMCC) incorpo-
rate more than 4 mol % of MgCO3

6, and feature the
same structure of calcite. Magnesian calcites are in
general metastable in marine environments, while
HMCC are readily found in a wide range of compo-
sitions (4 to 40) mol % MgCO3 in biogenic skeletons
and abiotically precipitated carbonate sediments6.

Côté et al. 3 explored recently the elastic prop-
erties of pure calcite and calcite with one random
configuration of 5 and 10 mol % Mg2+, incorporated
into the crystal lattice. Côté et al. 3 argued that the
impurities acts as deformation twinning nucleation

points, due to increased local stresses and would
therefore be advantageous in enhancing the defor-
mation twinning of calcite.

Interestingly, magnesite, which is a crystal in
the same space group as calcite where all the cal-
cium ions are replaced by magnesium, does not
display deformation twinning. On the other hand,
dolomite, where half of the calcite Ca2+ lattice sites
are occupied by Mg2+ ions in alternating layers
along the c-axis, is known to deform by twinning as
its principal mode of deformation along with slip on
the c and f planes. However, twinning in dolomite
happens at temperatures in the range 600-900 K1,9,
unlike calcite, where twinning is readily observed at
300 K. Indeed, dolomite features shear fracture as
the principal mode of deformation at 300 K9.

In this paper, we investigate using non-
equilibrium uniaxial strain simulations, the impact
that the incorporation of magnesium ions has on
the elastic properties of calcite. We cover the whole
range of compositions, from calcite (C) to mag-
nesite (M) passing through dolomite (D), and in-
spect different magnesium arrangements, namely,
the ones defining the C, M and D minerals, and ran-
dom distribution of magnesium inside the crystals.
The comparison of these different structures reveals
large differences in the deformation modes of mag-
nesian calcite under stress, which can be correlated
with the distribution of the magnesium cation in
the crystal structure.

Methods

The calcite, magnesite and dolomite unit cells were
created from primitive cells downloaded from the
American Mineralogist Database4,11,18. Molec-
ular dynamics simulations were performed with
LAMMPS12. We have used the force field param-
eters given by Tomono et al. 19 . The parameters of
this force field for Mg2+ were fitted and added to
the original rigid ion force field developed by Raiteri
et al. 14 . The Raiteri force field was fitted to repro-
duce structural and mechanical properties of calcite
and aragonite, as well as the free energy difference
between these two crystal phases. Hence, the force
field parameters given by Tomono et al. 19 represent
a good starting point for our investigation.

The crystallographic c-axis corresponds to the
z -axis in our simulations. The conventional or-
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thorhombic unit cell was multiplied to gener-
ate 7 × 5 × 2 periodic super-cells containing 420
(Mgx,Ca1−x)CO3 units. The choice of different
supercells were found to give similar results (see
Figures 16 and 17 in the Supplementary Informa-
tion). The potential cutoff was set to 12.5 Å and
long range coulombic interactions were handled us-
ing the PPPM Ewald summation method7. The
time step used in the simulations was set to 2 fs and
the temperature to 300 K, using the Nosé-Hoover
thermostat and a relaxation time of 100 fs. The
crystals were initially equilibrated for 100 ps in the
NPT ensemble using the Nosé-Hoover barostat and
a relaxation time of 500 fs. In order to investigate
the impact of Mg2+ ions on the elastic properties,
we introduced Mg2+ in the crystals by randomly
replacing the Ca2+ ions at set compositions. Seven
different ratios of magnesium:calcium (m:c) incor-
poration were investigated at (m:c) ratios of (0:6),
(1:5), (2:4), (3:3), (4:2), (5:1) and (6:0) according
to the formula,

CacMgm(CO3)c+m (1)

The generated supercells containing Mg2+ ions
were equilibrated for a further 100 ps before the
stretching process. All stress components were
equilibrated to 0 atm using the Nosé-Hoover baro-
stat. The pressure was maintained via this barostat
during the stretching process in all directions ex-
cept the one corresponding to the applied strain.
The supercell was stretched along the z-axis in
small incremental steps reaching up to 30-35 % to-
tal strain for six different strain rates, s= (0.15,
0.20, 0.25, 0.30, 0.40 and 1.00) s−1. The strain was
computed from εz(t) = (Lz,t − Lz,0)/Lz,0, where
Lz,t is the box size in z at time t and Lz,0 the box
length of the unstressed equilibrium configuration.
The z-component of the stress was sampled every
5 ps, and the coordinates of the atoms were dumped
every 10 ps. These atomic trajectories were used to
study the twinning during the deformation of the
bulk crystals. For the magnesian calcites with ran-
dom Mg2+ distribution, we performed simulations
using four different configurations for each compo-
sition. These configurations were generated using
different random seeds.

For anisotropic materials such as calcite, magne-
site and dolomite, the relation between stress and

strain is given by eq. (2)

σij = Cijklεkl (2)

where Cijkl is the elastic/stiffness matrix and εkl
the applied strain. The Young’s modulus will de-
pend on the direction of the applied strain. How-
ever, when uniaxial strain is applied in ij direction,
and the stress σij , in all the other directions is re-
laxed, the elastic matrix, Cijkl, reduces to a coeffi-
cient Eij , that can be quantified from the slope of
the σ vs. ε graph, in the elastic regime:

σz = Ezεz (3)

where σz = σzz, and εz = εzz, are the stress
and strain along the crystallographic c-axis, inves-
tigated in this paper.

Voronoi tessellation of Mg2+ and Ca2+ ions in
the crystals were carried out using Voro++ 16, which
were used to list neighboring particles depending on
whether their Voronoi cells share a face. The result-
ing clusters were used to determine the percolation
of magnesium ions in the crystals.

Results and discussion

We show in fig. 1 two examples of the structures re-
sulting from the stretching process for crystals with
the same Mg:Ca ratio, but using different initial
configurations and different arrangements of Mg2+

ions. One final box geometry, T, features rows of
carbonates pointing preferentially in the same di-
rection along the b-axis, whereas for the final box
geometry A, the orientations of the carbonate an-
ions are alternating between pointing up and down
along both a and b-vectors (periodic boundary con-
ditions must be taken into consideration). Both
final structures display similar ion-ion radial distri-
bution functions but different volumes. The final
volume of A type deformation is 60 % larger than
the initial cell volume, whereas for the T type de-
formation the volume is 84 % larger than the initial
cell (see figure 12 in the Supplementary Informa-
tion). These results show the diversity in the final
structures that can be obtained from the twinning
process. In both cases we observed the same type
of twinning, namely the r-type: {104} twin plane.
In both cases, A and T, the carbonate molecules
rotate around their center of mass, and the twin
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plane of the rotated carbonates lies approximately
90◦ with respect to the untwinned carbonates. This
structure propagates throughout the crystal until
all the carbonates have rotated. The final config-
uration consists of rows of carbonates where the
orientation of the oxygens (pointing up or down)
in the carbonate alternate (A) along the a and b-
axis, and alternate up and down in rows along the
a-axis (T).

Figure 1: Deformation twinning type T and A shear
deformation of the bulk system before (left) and
after (right) 30 % applied strain along z -axis. Only
carbonates in the first layer are shown for the final
states (right). The arrows illustrate the preferred
orientations of the carbonates along the a-axis.

In fig. 2 we show the stress component σz(εz)
for the different Mg2+ concentrations. In the ini-
tial part of the strain process the crystal features
an elastic response, with the stress component in-
creasing linearly with strain. The blue line with
the smallest slope corresponds to pure calcite and
shows a very abrupt stress release at ∼ 10 GPa.
The abrupt stress release is a characteristic feature
of the pure crystals, including dolomite. The stress
release reported in fig. 3a for calcite is a result of
twinning. The elastic coefficient we obtain from
our simulations, Ez = 54 GPa is comparable to
other previous compuational estimates3,17. Incor-
poration of Mg2+ ions in the crystal leads to stress
being released at approximately 2 % lower level of
strain. In the case of magnesite, the stress builds up
until the crystal fractures in a direction perpendic-
ular to the direction of the applied strain. We ob-
serve the same fracture response in dolomite. Our
simulations shows that dolomite endures a higher

strain before fracturing, as compared with other
crystals (see fig. 3). The elastic coefficient of the
c-axis (Ez) for the different magnesian calcites was
computed from the slope of the stress/strain curve
before the crystal twins or fractures. We show in
fig. 2 the elastic coefficient plotted as a function of
Mg2+ content. Our model confirms the stiffening
of magnesian calcite with increased Mg2+ concen-
tration, a result consistent with previous observa-
tions20. We also find that the elastic coefficients
for different strain rates fall on the same curve, in-
dicating that our simulations are performed in the
linear regime.

In fig. 3 we show snapshots of the crystals at
different stress-strain configurations. Compared to
all the magnesian calcites, pure calcite (fig. 3a) dis-
plays a very ordered transition from its initial phase
to a twinned phase. For calcite, two twin planes are
created at the first drop in σz (see fig. 3a). The twin
planes span the whole crystal, and propagate per-
pendicular to the twin plane until the entire crystal
is twinned. When some Mg2+ is incorporated ran-
domly into the calcite lattice, we observe multiple
twin planes throughout the crystal, which occurs at
different levels of strain (se figs. 3b and 3c). This is
probably due to lattice distortions as pointed out
by Côté et al. 3 , where locations of magnesium in
the lattice introduces a higher local stress due to
the smaller size of the Mg2+ ion as compared to
Ca2+. In addition, the complete twinning of the
magnesian crystal occurs typically at higher lev-
els of strain, (about 2 %) higher than the strain of
pure calcite. The process of twinning the magne-
sian calcites occurs in several steps, as illustrated
by the stress-strain curves in figs. 3a to 3c. This
behavior is not observed in magnesite (fig. 3d) and
dolomite. These crystals fracture in the direction
perpendicular to the strain direction. While cal-
cite yields by deformation twinning at 17 % strain,
magnesite and dolomite yields by extension frac-
ture at about 18 and 22 %, respectively. We also
find that the stress-strain curve for magnesian cal-
cites, all the way from the 2:4 to 5:1 Mg:Ca ratio
display a plastic response close to their yield. The
plastic response is characterized by a gradual de-
crease of the stress upon reaching the maximum
stress, instead of a sudden drop. However the sim-
ulations show that this plastic response is not ob-
served at low Mg2+ content, e.g. 1:5 Mg:Ca ra-
tio (see figs. 2 and 3a), which releases the internal
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Figure 2: (Left) Stress as a function of strain rate for different Mg2+ concentrations and for dolomite
(dol.). The strain was applied along the (001) plane. (Right) Dependence of the elastic coefficient Ez
with Mg2+ content and for different strain rates. The largest standard error is ∼1.1 GPa.

stresses abruptly by deformation twinning, as ob-
serves in pure calcite. We looked into the possi-
ble origin of this distinctive deformation response
for low and high Mg2+ contents by investigating
the percolation threshold for the clusters of Mg2+

ions in the lattice. We found that the magnesium
ions percolate, namely, they form an infinite clus-
ter at 33 mol % MgCO3 while they do not at the 1:5
Mg:Ca ratio (see figures 7, 6 and 9 in the Supple-
mentary Information). We expect that the perco-
lation threshold of Mg2+ must therefore be some-
where in the range of (16 to 33) mol % MgCO3. The
3:3 composition, which also contains a percolating
Mg2+ cluster, shows a much smoother transition
(see fig. 3c) into the fully twinned mode at about
30 % strain, which contrasts with the abrupt stress
release observed at lower compositions of magne-
sian calcites, or dolomite.

We show in table 1, a summary of the preferred
response deformation mode of magnesian calcites
in terms of fractures and twin deformations. The
probability of observing a particular deformation
mode α = {T,A, F} is p̄α = 1

Nc

∑Nc
j=1 pα,j , where

Nc = 24 is the number of configurations sampled
and δα,j is 1 if the deformation mode of configura-
tion j is α. Note that

∑
α p̄α = 1. The standard

deviation for the probabilities was estimated from
the analysis of Ni = 6 independent subaverages ob-
tained from the Nc sample, such that the variance
σ2
p̄α = 1

Ni−1

∑Ni
i=1 (pα,i − p̄α)2. The occurrence of

twinning (T), alternate twinning (A) and fracture

Table 1: Probability of deformation twinning (T),
alternate twinning (A) and shear fracture (F) dur-
ing applied uniaxial strain along c-axis in magne-
sian calcites. The data were obtained from four
independent simulations at each of the six strain
rates: (0.15, 0.2, 0.25, 0.3, 0.4 and 1.0) s−1. For the
pure cases, calcite, magnesite and dolomite, data
were obtained from one trajectory for each strain
rate. σT,A,F is the standard deviation of T,A and
F respectively. All values in %.

Mg:Ca T σT A σA F σF

0:6 100 0 0 0 0 0
1:5 100 0 0 0 0 0
2:4 96 10 4 10 0 0
3:3 88 14 8 13 4 10
4:2 50 22 0 0 50 22
5:1 21 10 0 0 79 10
6:0 0 0 0 0 100 0

dolomite 0 0 0 0 100 0

(F) type deformation displays a clear trend where
F is observed for magnesite, dolomite and magne-
sian calcites when the Mg:Ca ratio is more than
50 %. Twinning (T) is the main type of deforma-
tion from uniaxial strain along the c-axis for mag-
nesian calcites where less than 50 % of the Ca2+

lattice points are occupied by Mg2+. The A type
deformation twinning was only observed in 2 % of
the cases, and only for the 2:4 and 3:3 Mg:Ca ratios.

Our simulations indicate the existence of two dif-
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(a) Calcite. (b) 1:5 Mg:Ca ratio.

(c) 3:3 Mg:Ca ratio. (d) Magnesite.

Figure 3: Crystal deformation during applied strain along the z -axis. Snapshots of the crystal structure
at different levels of strain is shown and indicated with arrows in the respective graphs.

ferent forms of shear deformation (T and A) for
magnesian calcites with Mg:Ca ratios of 33 and
84 %. The shear deformation of the box is a result
of the energetically favorable rotation of the car-
bonates when the crystal is under tension. Type T
deformation is observed for all systems except for
magnesite and dolomite, which always deform by
fracture at 300 K. For both A and T type defor-
mation, the {104} twin plane is the only observed

deformation twinning that propagates through the
crystal. The A type deformation however con-
tributes very little to the deformation mode with
a maximum of 8 % probability for 3:3 compositions
(see Table 1).

As the concentration of magnesium in the cal-
cite is increased, the mineral becomes harder and
stiffer (fig. 2), and as we approach the 4:2 ratio of
67 mol % MgCO3, there is a 50-50 chance of the
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crystal deforming by fracture or deformation twin-
ning at 300 K. From our data, the 50 % Mg:Ca ra-
tio appears to be an important transition where
we start to witness fracturing in most of the cases
above 50 %, and twinning being the clearly favored
deformation below. It is interesting to see that
dolomite, which is a well-defined ordered crystal
structure at 3:3 Mg:Ca ratio, fractures in all of the
cases investigated here. Deformation twinning of
dolomite has been shown experimentally,1 but be-
ing a crystal of lower symmetry than calcite, it has
fewer twin planes and r is not one of them. How-
ever, from compression of the c-axis, dolomite has
been shown to deform by f type twinning1. But
twinning only becomes an important mode of de-
formation in the experimental temperature range
600-900 K1,2,9. At lower temperatures, fracturing
becomes a significant deformation mechanism for
dolomite2,9, and our results are consistent with this
observation.

Conclusions

We have performed a systematic analysis of the de-
formation mode of magnesian calcites, pure calcite,
dolomite and magnesite, by using non-equilibrium
simulations by subjecting the crystal to uniaxial
strain along the c-axis. Our analysis of magnesian
calcites covers a wide range of compositions (16,
33, 50, 66 and 84) mol %, and addresses the impact
that the arrangement of Mg2+ ions has on the stress
relaxation mode. We conclude the following from
our investigation:

• Magnesian calcites with compositions below
50 % Mg:Ca ratio deform under stress preferentially
by deformation twinning, whereas at higher mag-
nesium concentrations the crystal fractures.

• The dissipation mechanism of magnesian cal-
cites depends both on the magnesium content and
the arrangement of the magnesium ions in the lat-
tice. Random insertion at low magnesium con-
tent (< 33 mol % MgCO3) results in deformation
twinning with a sharp decrease in the shear stress.
At higher magnesium content, above 33 mol %
MgCO3, the magnesian calcites display instead a
plastic behavior before yield or twinning. We found
that at these higher compositions the magnesium
ions form a percolating network that facilitates the
dissipation via the plastic response unlike what

is observed in ordered crystalline structures, e.g.
dolomite.
• Calcites with less than 50 % Mg:Ca ratio fea-

ture stress dissipation through deformation twin-
ning at approximately 2 % lower strain rates than
that of pure calcite, and the energy dissipation con-
tinues for about 2 % more strain than for the pure
calcite. This result indicates that on one hand, the
material becomes more brittle as the concentration
of magnesium is increased, but the incorporation of
magnesium shifts at the same time the yield of the
material to lower strain rates.

Overall, our work highlights the importance of
both composition and microscopic ion distributions
in determining the elastic response of biogenic min-
erals. In this paper we have restricted ourselves
to deformation induced by applied strain, and not
during compression, which is the most common ex-
perimental approach to generate stress. Increasing
the pressure of the crystal along a crystallographic
axis would be interesting and a possible next step
for future computational studies.
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