Physics and Chemistry of Minerals (2023) 50:25
https://doi.org/10.1007/500269-023-01248-3

ORIGINAL ARTICLE q

Check for
updates

2M, phlogopite-muscovite series minerals at increasing pressure to 9
GPa. | Atomic volumes and compressibilities

Alfonso Hernandez-Laguna' - Isaac Vidal-Daza?? - Antonio Sanchez-Navas'* - Claro Ignacio Sainz-Diaz'

Received: 13 March 2023 / Accepted: 15 July 2023
© The Author(s) 2023

Abstract

Muscovite (Ms) and phlogopite (Phl) series mineral is studied in the 2M, polytype and modeled by the substitution of three
Mg2+ cations in the three octahedral sites of Phl [KMg,(Si;Al)O,,(OH),] by two AI** and one vacancy, increasing the sub-
stitution up to reach the Ms [KAIL,O(Si;Al)O,,(OH),]. The series was computationally examined at DFT using Quantum
ESPRESSO, as a function of pressure from — 3 to 9 GPa. Crystal structure is calculated, and cell parameters, and geometry
of atomic groups agree with experimental values. OH in the Mg?* octahedrons are approximately perpendicular to the (001)
plane, meanwhile when they are in A1**, octahedral groups are approximately parallel to this plane. From Quantum Theory
of Atoms in Molecules, the atomic basins are calculated as a function of the pressure, K™ and basal O show the largest
volumes. The bulk excess volume (Vxs) and the excess atomic volumes are analyzed as a function of the composition and
the pressure. K*, basal and apical O Vxs show a behavior similar to the bulk Vxs as a function of the composition, keeping
qualitatively this behavior as a function of pressure; substituent atoms do not show a Vxs behavior similar to the bulk and
their effect consequently is mostly translated to atoms in the interlayer space. Atomic compressibilities are also calculated.
Atomic compressibilities are separated in the different sheets of the crystal cell. Atomic moduli of K and basal O are the
lowest and the ones behaving as the bulk modulus of the series. The atomic bulk modulus of the H’s is different depending
of their position with respect to the (001) plane.

Keywords Muscovite—phlogopite series minerals - DFT calculations - Pressure effect - Bulk and atomic incompressibility
moduli - Bulk and atomic excess volumes

Introduction chemical compositions, and consequently wide ranges of

temperatures and pressures are possible for their formation

Micas are layer silicates and one of the most common miner-
als in crustal rocks (igneous, metamorphic, and sedimentary
rocks). Micas are different series minerals which incorpo-
rate many different ions in their structures, which have wide
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and stability (Monier and Robert 1986; Robert 1976). So,
pure end members are difficult to be found in natural miner-
als but ideal formulae could be considered as the end mem-
bers of series minerals. Micas and phyllosilicates in general
have a complex structure in which many different bonds
[covalent, ionic, hydrogen bonds (HB) and non-covalent-
interactions] are found in their structures; besides, many
cations are tetra- and hexa-coordinate in the Tetrahedral
(T)-Octahedral (O) - T (T-O-T) layers, and 12-coordinate in
the interlayer spaces. Different polyhedrons and sheets are
coexisting in the crystal cell, where diverse cation substitu-
tions produce many different micas series minerals. All of
them give especial properties to the minerals. These min-
erals are structurally formed by two T sheets sandwiching
an O sheet, forming a layer (T-O-T). Layers are stacking
ones over others with an interlayer space in-between. If the
layer has a negative charge as consequence of the cation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00269-023-01248-3&domain=pdf

25 Page 2 of 16

Physics and Chemistry of Minerals (2023) 50:25

substitutions, other cations offset the charge in the interlayer
space (--M* ¥ T-O-T% M* 3 T-O-T ®= M*...). It also leads
to an increasement of the lateral dimensions of the tetrahe-
dral sheet compared to the adjacent octahedral sheet, which
is reduced by rotating adjacent tetrahedra of six-membered
rings in opposite directions in the plane. Angle o is a meas-
ure of this rotation, necessary to relieve the misfit. The six-
membered rings occurring in micas generate large structural
voids, and so micas, together with clay minerals, are stable
under surficial conditions and constitute the alteration prod-
ucts of more dense silicate minerals.

Phlogopite (Phl) and muscovite (Ms) belong to the tri-
octahedral and 2:1 dioctahedral layer silicates, whose ideal
end members’ formulae are [KMg;(Si;Al)O,,(OH),] and
[KAL,O(Si;Al)O,,(OH),], respectively. Phl and Ms mem-
bers of the series can contain Y'Mg®* and YIAI’* in their
octahedral (VI) sheets.' Both ™VAI** and YIA**are coexist-
ing in the layer but by simultaneous isomorphous substitu-
tions, both AI** and Mg?* and other different cations can
also coexist in the structure. There are many works studying
the extent of the series (Foster 1960; Monier and Robert
1986; Robert 1976; Rutherford 1973). Two mechanisms
could be produced to incorporate Mg?* in the octahedral
sheet: (i) phengitic mechanism, in which the substitution
preserves the dioctahedral nature of the octahedral sheet,
by simultaneous substitution of VIAI** by YIMg?* in the
octahedral structure, and 'VSi** by 'VAI’* in the tetrahedral
sheet; and (ii) phlogopite substitution, in which the nature
of the octahedral sheet changes from trioctahedral to dioc-
tahedral, keeping unchanged the tetrahedral sheet, and the
three Mg?* are substituted by two Y!AlI**and one octahedral
vacant cavity (represented by a O in the formulae) of the
dioctahedral series, keeping the same charge than before
in the octahedral sheet. Our title series belongs to the later
substitution mechanism.

Micas incorporate atomic groups (OH) that can be trans-
formed to water at special thermodynamics conditions: at
100 km Earth’s depth, these minerals can be dehydrated and
water can be freed in subduction slabs which triggered off
important melting processes in Earth crust (Huang and Wyl-
lie 1973; Hwang et al. 2017). Micas along with serpentines
can bring water even beyond the arc front depths (Schmidt
and Poli 1998; Schmidt et al. 2004). These layer silicates
can be stable to depths greater than 300 km, due to the low
geothermal gradients observed in subduction zones and to
the strong dependence on temperature for the dehydration

! The first superscript indicates the coordination of the cations either
in octahedral sheet (VI) or in the tetrahedral sheet (IV) in the crys-
tal; nonetheless, Mg?* in our models is only found in the octahedral
sheet, so no superscript is written previous to its symbol.
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reaction curves of mica-bearing rocks. These silicates can
be used as geo-thermo-barometers (Fleet 2003).

Phl is considered to be stable up to 9 GPa (Yoder and
Eugster 1954; Yoder and Kushitro 1969). A stability limit
of 9—10 GPa at 1000 “C was found out (Trgnnes 2002); and
Phl was still recovered at 8 GPa and 1300 °C (Sato et al.
1997), and at 9.0 GPa and 1365 °C (Kushiro et al. 1967).
In the decomposition products of Phl, this compound was
still got back. From stability critical P-T curve, Phl is con-
sidered stable at room pressure at critical temperature of
1370 C, increasing 118 °C its critical temperature each 1
GPa of increasing pressure (Hazen 1977). Phl can undergo
dehydroxylation reaction at approximately 200 km depths,
but its stability is affected with Ms substitution (Hwang et al.
2017). In general, the thermodynamics stability of these tri-
octahedral compounds can be affected by the dioctahedral
substitutions.

From experiments with diamond-anvil cell and X-ray
diffraction, Ms was found stable at room temperature and
approximately at 18 GPa, and Ms loses its long-range crys-
tallinity and amorphizes at ~27 GPa; however, Ms is not sta-
ble at 800 °C from 1.8 GPa (Faust and Knittle 1994). None-
theless, Ms was also considered stable at a pressure > 10
GPa (Sekine et al. 1991), considering Ms as one of the most
stable minerals in subducted oceanic sediments (Huang and
Whyllie 1973).

These complex substitution effects are not deeply known,
and this work is an intend to start to understand it by study-
ing the pressure—composition—coordination (P-X-C) space,
although X and C go together, but the changes in composi-
tion bring the changes from trioctahedral to dioctahedral
coordination. Besides, these crystals are very anisotropic
due to their layered structure and compositions, and this ani-
sotropy is suitable to be studied at the P-X space at the light
of theoretical methods, which is going to yield complemen-
tary knowledge to the previous one (Brigatti and Guggen-
heim 2002; Mottana et al. 2002; Zanazzi and Pavese 2002).

Considering all these features, we study the mineral series
at different concentration of AI** and Mg with phlogopitic
substitutions, trying to cover, in the most simplified way, the
range of concentrations of both cations in the octahedral
sheet. Besides, the systems will be subjected at different
pressures, calculating and analyzing atom, bulk volumes,
and bulk moduli.

On the other hand, important insights of mechanical
properties of these minerals can be deeply obtained if suit-
able models are considered (Cosenza et al. 2023). Besides,
the elastic properties of the clay minerals are difficult to
be experimentally determined by their polycrystalline size,
porosity, anisotropy, bending layers (Tunega and Zaoui
2020), water in their interlayer space, and the different
experimental methods. There are two theoretical/computa-
tional methodologies at hand: (i) those where the crystal
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structure (inter-atomic distances, angles and crystal face
tensions of the unit/super cell) is minimized; and (ii) those
where the time is considered in the calculations, that is, the
molecular dynamic (MD) methods. Both methodologies can
be applied with force field (FF) and with density functional
theory (DFT) methods. The former ones are very reliable for
large systems and swelling minerals. Recently, Na-montmo-
rillonite plus an increasing hydration in the interlayer space
was submitted to uniaxial compression and unidirectional
shearing (Yuan et al. 2023, and reference therein), indicating
that lattice parameter and the number of molecules in the
model influence the stress—strain relationship. The problem
with this type of methodologies is the reliability of the FF,
and results must be compared with experimental values to
do them trustworthy. The quantum mechanics methodology
of DFT methods are used for calculating electronic, crys-
tal structure, and properties and they are reliable, although
is depending on the correlation exchange functional (vide
supra). Considering the degree of detail that the DFT meth-
ods can give, it is possible that many internal properties of
the crystal cell can be calculated, such as bond lengths, bond
angles, volumes of the internal polyhedral forms, the size of
the internal sheets, and the interlayer space and elastics con-
stants. All of them are reliably calculated with DFT meth-
ods, especially those of non-swelling clay minerals as Ms is
(Cosenza et al. 2023, and reference therein). In effect, from
the different data, experiments and methods these authors’
review match, we know the isotropic bulk and shear moduli,
and mechanical properties in general, are calculated with
large confidence from DFT methods. The degree of detail is
so large that even the atomic volumes and their compress-
ibilities can be obtained. Some of these information are not
different of those coming from diamond-anvil high pressure
cells and crystal X-Ray diffraction experiments. However,
experiments would yield an average image, whereas the DFT
calculation is a theoretical tool, at first principle calcula-
tions that give us detailed effects in precise atoms of precise
crystal structure.

In a previous paper, the compressibility of this series
was searched, reaching to carry out the solvus of the series
and the effect of pressure on the solvus (Hernandez-Laguna
et al. 2019). The compressibility of the series was reliably
obtained and the effect of the pressure on the solvus gave a
deep insight on the series, but the effect of the pressure on
the atoms was not investigated. This effect on the atoms can
deeply shed light about how the addition of the substituents
affects other atoms and whole crystal cell compressibility,
and where are either the weakest or less compressible atoms
of the crystal. In a previous paper, related with the Ms—para-
gonite series (Herndndez-Haro et al. 2016), the compress-
ibilities of the bonds and polyhedral structures components
of the crystal cells were calculated, giving a clear insight of
the compression mechanism of the series. In these previous

articles, distances and atomic groups compressibilities were
calculated as a function of the pressure, by calculating the
distance and the volume variation. Nowadays, the DFT
methods permit a much more detailed knowledge of the
electron and crystal structure, even by searching the topol-
ogy of the electron density, fundamental observable in DFT
methods, using the Bader’s theory (Bader 1990). So, it is
possible to give a step further and the crystal cell be sepa-
rated in atomic basins, in such a way, that we can separate
the compressibility of the crystal cell in atomic domains,
i.e., atoms with a definite volume; and the atomic volumes
can be studied as a function of pressure. For these facts, the
compressibility can be brought to the atomic level.

Considering both ranges of pressure, both minerals are
stable, especially Phl (9 GPa, Yoder and Eugster 1954
Yoder and Kushitro 1969), and the range of pressure con-
sidered in our previous work (0-9 GPa, Herndndez-Laguna
et al. 2019), the series minerals are calculated between 0
and 9 GPa.

Therefore, in this work, we explore a three-variable space
(P-X-C), and the atomic volume research is a novel approach
to study this space, which is multiplied at least by the num-
ber of different atoms, viewing the properties and structural
arrangements at atomic level. All of this is important for
increasing the knowledge of the thermodynamic stability of
the series, which is part of the rock assemblages in particular
and in earth and planetary sciences in general.

Finally, it is well known, one of the aims of Chemistry
is to account for structure, properties, and reactivity at local
level and even at atomic level if possible, trying to do them
transferable from each other compounds. In effect, in our
previous work (Hernandez-Laguna et al. 2019), the com-
pressibility of the Phl-Ms series was calculated at bulk level,
but now, following the trend for analyzing bulk properties
in term of local and atomic contributions, we aim to pro-
vide explanations for the atomic-level compressibility of
the Phl-Ms series mineral and explore the transferability to
other similar series minerals.

Methods
Models

The real crystals of natural samples of these minerals have
very heterogeneous distributions of cation substitutions,
and in this series, one mixed member has a mixed dioc-
tahedral and trioctahedral composition, being difficult to
separate its effects. Besides, most of experimental meth-
ods applied on natural samples get us an average image
of these substitutions. For these reasons, model samples
would be important to study, where the effect of both
substitutions can be clearly separated and located. These
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crystal models can be studied by theoretical methods, fix-
ing our choice in the Quantum Mechanical methods, par-
ticularly those methods coming from the DFT. Besides,
large models cannot be designed because of the complex-
ity of our DFT calculations.

The complex stoichiometry of the Ms—Phl series may be
expressed by K/ Al O, oMg3 350 (SiyyAl)O,o(OH),,
where [0 means the octahedral vacancy, x=0 represents for
Phl end member, and x=2 represents for Ms end member.
In the tetrahedral site, y=1, so 3:1 for Si:Al relationship
is the most frequent ratio, and therefore, K* is the coun-
ter ion of choice for balancing the charge in the interlayer
space. The substitutions of a cluster of three Mg?* by two
VIAI** and an empty cavity are progressively performing
in different concentrations reaching to design the following
five compositions: X(Ms)=Phl (0.0), 0.25, 0.50, 0.75, and
Ms (1.0) where X(Ms) =1/ x, x being the subindex in the
general chemical formulae of the Ms—Phl series. However,
as Hernandez-Laguna et al. (2019) calculated, the central
concentration in these models is inside the gap of solubility
of the solvus of this series mineral; nonetheless, all concen-
trations are reliable for knowing the effects of pressure on
the volume and properties of the crystal cell on a progressive
increasing concentration procedure. In this way, the series
mineral means the increasing concentration in our model.

Our model is in the polytype 2M,. This polytype is very
frequent in Ms, but in Phl, 2M, and 3 T are not so frequent
(Gatta et al. 2011; Scordari et al. 2012) but, anyway, the 2M,
polytype is considered as one more between the different
polytypes of Phl (Fleet 2003). Therefore, this polytype is
kept in the series to preserve the structure of the model in the
increasing concentration cell procedure and not change the
compressibility of the model by polytype changing.

Our models have been designed being always the three
Mg?* cations cluster in the same octahedral cavity, for keep-
ing the balance of charge in the octahedral sheet as localized
as possible. The substitutions in different sheets are kept as
far as possible. Full substitutions in one sheet and none in
the other could be possibly considered as interstratified sub-
stitutions. The model has been well described by Hernandez-
Laguna et al. (2019); nonetheless, in order this article be
self-consistent, in Fig. 1a, drawing of the model is given.
All models of the Ms—Phl series were performed in the 2M,
polytype. The unit cells considered in this study have 88
atoms for Phl end member [K,Mg,,(Si,,Al,)O0,,(OH)g] and
84 atoms for the Ms end member [K,Alg O,4(Si;,Aly)
0,0(OH)g].

Another feature of the natural samples of these minerals
is the order—disorder substitutions; however, larger models
are necessary for studying these substitutions, and conse-
quently, this study is out of the scope of this work. None-
theless, the low extension of our models lets us to obtain a
model image of the octahedral/trioctahedral substitution in

@ Springer

Fig.1 Atomic volumes (au®) for Phl. Green, red, grey, light brown,
purple, and white spheres mean Mg>*, O, AIP*, Si, K*, and H,
respectively

the structure, in such a way the properties can be viewed as
pure properties.

Theoretical methods

All calculations were performed at the DFT level with
Quantum ESPRESSO 5.4 (Giannozzi et al. 2009, 2017)
with plane waves basis sets, PAW pseudopotentials
(Blochl 1994); being the PAW data sets generated from the
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pseudopotential library pslibrary (Dal Corso 2014). B86b
exchange (Becke 1986) plus PBE (Perdew et al. 1996)
correlation as exchange—correlation functional, and the
exchange-hole dipole moment model (XDM) for dispersion
forces (Becke and Johnson 2007; Otero de la Roza and John-
son 2012) are used in our calculations. This combination
of functionals was suitable for describing weak interactions
(Otero de la Roza and Johnson 2012). In a previous paper
(Hernandez-Laguna et al. 2019), this series minerals were
studied at increasing pressure and the crystal structure and
mixing properties were properly reproduced. Optimal plane-
wave kinetic energy cutoff, density cutoff, and k-point grid
were 110 Ry, 440 Ry, and 5 X3 X 5, respectively. The con-
vergence thresholds of forces and stresses were 0.001 Ry/
Bohr and 0.05 GPa, respectively.

QTAIM atomic volumes

The topological analysis of the electron density p(r) by the
Quantum Theory of Atoms in Molecules (QTAIM, Bader
1990) offers an accurate mapping of the chemical objects,
such as atoms, bonds, and particular structures, such as
atomic groups (rings, cages). QTAIM provides a unique
partitioning of the physical space of either a molecule or a
solid in subsystems where any quantum chemical observable
is univocally defined. Every subsystem (one electron basin,
one atom) is bounded by the presence of zero-flux surfaces
of the gradient of p(r) which surrounds one local maxima of
p(r). The definition of an atom inside a molecule emerges
when it is considered that the nuclear positions behave topo-
logically as local maxima in p(r). As a result, either in a
molecule or solid property associated to a quantum chemical
observable can be partitioned into atomic basins contribu-
tions using QTAIM. Therefore, the unit cell volume can be
divided into atomic-like volumes:

V=3 (1)

Such atomic partition allows the analysis of the bulk proper-
ties of solids in terms of atomic contributions. In effect, the
compressibility, £, and bulk modulus, K, of the system at
constant temperature are

-2,

Introducing Eq. (1) into Eq. (2):
ERYOA AN N AN AN/
ﬂ—‘v( oP )T—‘VZ(E>T—‘ZVV,.(§>T

Therefore, the atomic compressibility is

1 aV;
=52,

and the V/V relationship of Eq. (3) is the fractional volume
occupancy of an atom in the crystal unit cell, such as:

ﬂ=2%ﬁi=2ﬁﬂi=2% )

In this last equation, bulk compressibility is analyzed
in atomic compressibilities. This can be considered as a
weighted addition of the atomic compressibilities. The
weight is given by the fractional volume. This sum can be
aggregated in atomic terms:

jEA neN

EXLED W IR ¥l ©

where A, B, ... N are the atoms with the same atomic num-
ber, or those with the same atomic number being in a special
place in the structure. j+--- +n=number of atoms of the
system. So, from each atomic addition, a weighted average
atomic compressibility can be extracted:
JEA A pA
D/ o
av ZJEAfA
J

The inverse of this last equation, an average atomic bulk
modulus can also be extracted:

1
A _
Kav - B_A (8)

These atomic volumes were calculated with the help of the
CRITIC2 code (Otero-de-la-Roza et al. 2009, 2014; Pendas
et al. 2000).

Equation of state

Crystal structures were calculated at the following trac-
tions: —3.0,—-2.0,—1.5,-1.2,—1.0,—0.9,—-0.6,—0.3 GPa;
and at a range of compressions from 0.0 to 9.0 GPa, with
increments of 1.0 GPa. The pressure and volume results
were fitted to a third-order Birch—-Murnaghan (BM3) equa-
tion of state:

N
P=3K0fv(1+2fv)2[1+%(K’—4)fv] )
[, being the Eulerian finite strain

3
Vi 2
(7“) -1

="
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An Eulerian finite strain will be also defined for atoms
fi- Ky in Eq. (9) is the bulk modulus at 0 GPa, and K’
_dK

dr )

The atomic volumes from Eq. (1) were also fitted with
the same equation [Eq. (7)] as the crystal cell EOSFIT 7c
program (Angel 2000; Angel et al. 2014; Milani et al. 2017)
was used for fitting pressure to f, and f,,.

Mixing energy

The mixing Gibbs free energy, AG,,;,, is given by:

AGmi)c = AC;ideal + st (10)

where G, is the excess Gibbs free energy, which gives the
deviation of a solution from the mechanical mixture. In this
last model, the mixing free energy is a linear function of
the composition. G,, was calculated at a fixed pressure and
temperature with the formalism:

Gux =G — ZXHGZ (11)

where the index £ is for an intermediate composition of the
mixture, the index [ represents end member of the series, and
X, is the molar fraction of the / end member in the mixed-
member k; AG,,,,, is the free energy for the entropy change
of the random mixing of cations. G, can be described fol-
lowing a Redlich—Kister equation (Ganguly 2008; Guggen-
heim 1937; Redlich and Kister 1948):

G,=X(1-XI[A+B2X-1)+C2X - D’+...1 (12

where X is the molar fraction of one component in the
binary series, and each A, B, and C coefficients are depend-
ent of temperature and pressure, and they can be resolved
in enthalpy, entropy, and volume components as (Roux and
Hovis 1996):

A=A, —AT+A,P (13)

where Ay, Ag, and Ay, are terms depending on the enthalpy,
the entropy, and the volume, respectively; similar equations
can be written for B and C coefficients. In this work, volume
terms will be calculated only.

The volume of a mixed composition has an excess equa-
tion similar to Eq. (11), such as:

Visk = Vi = Z,szvl (14)

Substituting Eq. (1) in (14), a separation of bulk excess
volume in atomic excess volumes can be obtained:

@ Springer
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s5)

V. and st . are the bulk excess volumes of the mixed
composition and atomic excess volume, respectively, of this
mixed composition. These atomic excess volumes can be got
together in atomic groups with the same atomic number (A,
B,...N) or the same atomic number in an especial place of
the structure (A, A,, B, .... N), that is, basal oxygens in the
interlayer space, oxygens in the OH groups, and oxygens in
the apical positions are included in diverse groups.

Finally, Redlich—Kister equations [Eq. (12)] can be inter-
polated for the set of excess volumes of mixed composi-
tions {V A} at specific pressures, getting A%, B4, and C*
atomic coefficients of the expansion. This approximation
gives us a landscape of the excess atomic volumes at differ-
ent pressures.

Results and discussion

Crystal structure and atomic volumes at room
pressure

Geometry of the crystal structure as a function
of the composition

The crystal structures of the series were taken from Hernan-
dez-Laguna et al. (2019), which agree with the known exper-
imental results. The table is given here for the sake of com-
pleteness (Table 1), including more structural details than
Table 1 in Herndndez-Laguna et al. (2019). Calculated cell
parameters are in the range of known experimental values,
although in some case, computational values are slightly
different; nonetheless, the cell volumes agree with experi-
mental values. The monoclinic symmetry is computationally
kept in the optimization procedure. Cell parameters decrease
as a function of the content of Ms:

(i) The a axis decreases as a convex quadratic function
(Table 2), where, from values larger than X(Ms) > 0.5,
a has larger slope than the more phlogopitic composi-
tions (X(Ms) <0.5). In effect, this local increasing of
charge into two octahedra provokes a decreasing of a
axis in the structure.

(ii) b linearly decreases also as a function of X(Ms), being
the linear coefficient (Table 2) slightly larger than a.

(iii) B shows a quadratic behavior, with a minimum at
X(Ms)=0.25, and from this value, p increases quad-
ratically.

(iv) 1/-c-sinp decreases linearly to X(Ms)=0.5, and from
this value, it irregularly increases.
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Table 1 Cell parameters (/& and degrees), cell volumes (/&3), and average atomic bond distances (1&) of meaningful atomic groups of the Ms—Phl
series minerals at PB86b-PBE-XDM-PW level (Hernandez-Laguna et al. 2019)

Cell param- Exp. Ph1*¢ Comput. PhI®" Exp. Msf Phl (X=0) X=0.25 X=0.5 X=0.75 Ms (X=1)2
eters
ad) 5.308-5.352  5.238°5360" 5.174-5226  5.296 5.284 5.270 5.235 5.196
b(A) 9.190-9.268  9.086,°9.290" 8.976-9.074  9.191 9.148 9.094 9.054 9.013
¢ (A) 20.168, 10.200,° 19.875-20.097 20.257 20.190 20.126 20.143 20.144
10.153% 10.590"
A 95.10,9100.9° 102.98,° 95.59-95.84  94.68 94.64 94.70 95.03 95.44
100.63"
Vol. (A%)° 996.4,9 473.04,° 926-945.4 982.761 972.796 961.327 950.968 939.239
488.64, 518.27"
497.1°
Si-0,, VAI-0, 1.657% 1.648 1.682,1.799 1.684,1.799  1.675,1.791  1.665,1.817  1.679, 1.780
Si-0,, 'VAI-0, 1.814,1.943 1.853,1.987 1.812,1.951  1.785,1.916  1.831,1.956
ViMg-O, 2.086¢ 1.927-1.94 2.161 2.143,1.949  2.128,1.984  2.070,2.020  2.008
VIAL-O
ViMg-OH, 2.124 2.137,1.96 2.128,1.941  2.100,1.977  1.983
VIAL-OH
K-O,yer 3.297¢ 3.272-3373  3.501 3.508 3.492 3.509 3.584
K-O,er 3.030¢ 2.832-2.934  2.987 3.001 2.960 2.932 2.922
0-H 1.077 0.980 %, 0.980%, 0.980 %, 0.980
1.097™, 1.080™, 1.060™,
1.104" 1.076" 1.056"
o 5.8-7.5,9.29° 10.3-11.3 12.0 11.8 12.6 12.9 13.7
Tet-thickness ~ 2.235 22621 2.531 2.560 2533 2515 2515
Oc-thickness  2.203 2.0831 2.482 2.541 2.354 2335 2378
Interlay thick ~ 3.373 3.375 3.767 3.840 3.812 3.689 3.796

“Hazen and Finger (1978): 1M, Ky 76Nag 6Bag 0500 03(Mgs 98Fe0,01 Tig 01)(S1z.95A11.05)010(F; 5(OH)g 7)

PPavese et al. (2003): 1M, (K 0Nag 020)x1 01(M&s.73F€0 1541006 Tio.00) £2.06(A11.078i2.93) 4010(0OH)2;

“Comodi et al. (2004): 1M, (K o1 Nag 5Bag 3) (Fe™* g sFe™ 163Al0 125Mg 51 Tio 140170811 202010(OH); 725F0 175
¢Scordari et al. (2012): 2M}, (K g5Nag,o1)(Alg 1sMg; 17Fe™ | 16Fe™ 0, Ti**) 35)(Sia s5Al, 15)010.76F0.11Clo.0sOH 1o
°Computational values from ref. Chheda et al. (2014) with plane waves and LDA: 1 M, K(Mg;)(Si;A1)O,,(OH),

f2M,, Burnham and Radoslovich (1964): K ¢Nag 5,Al(AlSi;)0,o(OH),; 2M,, Rothbauer (1971): Ky gsNag (Al g, Fe** ;Mg 12)(AlySis ;)
Oy 3(OH),; 2M,, Guggenheim et al. (1987): Ko g3Nag g3(Al, g3 Feg 16Mo 01)(Alg 9Si3 10)010(OH), g3F 17 and K, goNag o3Cag g1 (Al g3Feq 01Mng 1)
(Al 9515 09)0o(OH); ggFp 105 2M,, Catti et al. (1989): KjgsNaj (Al g3Fe 1sMgg00)(Al9Si505)0,o(OH),; 2M,, Catti et al. (1994):
Ky 9oNag o7(Al g3Feq 23Mgg 16T 03) (Al §9S1320)O01o(OH),; Guidotti et al. (1992): 2M,,; and Brigatti et al. (1998): 2M,, different compositions;
Mookherjee et al. (2001) and Mookherjee and Redfern (2002): 2M, K 95Nag o5(Aly 76Fe o 14M8 10)2(Alg 75513 25)010(OH; 96F( 04)

£For computational geometrical values of Muscovite see: Ortega-Castro et al. (2010); Hernandez-Haro et al. (2016); Hernandez-Haro et al.
(2013): 2M,

hComputational values from Chheda et al. (2014) with plane waves and GGA

i Average value of the tetrahedral cation-O distances: 1 M

IComodi and Zanazzi (1995): 2M,, Kq gNag,o7Bag 0;50,02(Al, g4 Tig g4Fe,57Mg,04) (Al 05513 02)01o(OH),
XAl octahedral

™Mg octahedral

"Mg Al octahedral

°Volume is calculated from cell parameters

(v) Finally, the volume decreases from Phl to Ms linearly,
with a slope of —43.5 A3 by unit of X(Ms).

In Table 1, averaged 'VX-O bond distances are also given,
which agree with the range of the known values. IVAl-Ob are

larger than that of Si-O,. The same happens with VAI-O,
and Si-O,, being the bonds with the apical O’s larger than
those with the basal O’s. The values are slightly larger than
the known experimental values. Values of Mg-O, and VIAL-
O, agree with the experimental values as well, and their
values are also slightly larger than the experimental values,
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Table 2 Square polynomial and lineal functions fitting coefficients of
cell parameters (A, and degrees), square correlation coefficient and
residual sum of squares for Phl-Ms as a function of increasing molar
fraction of Ms

ag a, a, R? Resid Sum Squ
a 5295 —0.014 —0.08 0997 1.9-107
b 9.19 -0.018 - 0.997 5.6-107
Vi 94.68 -057 134 0.995 133
1R2¢csinf® 10095  —0.131 - - -
Volume  983.193 -435 — 0.999 0.79

¥X(Ms)=0-0.5; only three points in the linear fitting

Mg-O, being larger than Y'A1-O,, because of the increasing
charge of the AI*", the bond lengths with the O’s decrease.
O-H distances are larger in the Mg>* octahedrons than in the
APt octahedrons. Besides, O—H in the Mg?* octahedra are
approximately perpendicular to (001) plane, pointing to the
interlayer cations, producing a H*---K* repulsion (Comodi
et al. 2004); but OH’s of the dioctahedral substitutions
are approximately parallel to (001) plane. K---O_,,,., show
slightly larger values than the experimental values. The same
happens with K---O,,,..,. but the behavior is decreasing. These
larger values in both distances will lead to a larger theoreti-
cal than experimental interlayer thicknesses. A=K--O e
— K--O;,ner Shows an increasing quadratic behavior [A =
0.49 —0.02X(Ms) +0.18X(Ms)?] as a consequence of the
increasing asymmetry of the substitution. Besides, this
increasing/decreasing behavior of KO einner distances
in the interlayer space also comes from the rotation of the
tetrahedrons to fit the misfit between tetrahedral and octa-
hedral sheets as a consequence of the composition of the
crystal structure, which yield the a angle (Table 1, which
comes from the deviation from the hexagonal symmetry to a
ditrigonal symmetry of the tetrahedral crown). This a angle
also produce a change of the coordination of the interlayer
cation from twelve to six plus six (Ferraris and Ivaldi 2002),
as the different K---O ., and K---O,, .. distances indicate.
This o angles show slightly larger values than those found
in the experimental literature?, but the « increasing behavior
(Fig. 1) is similar to the experimental values. This increasing
behavior as a function of X(Ms) also comes from the asym-
metric substitution of the increasing dioctahedral character
in the structure. Following to Bailey (1984), cosa=b,,/
Digoar ideq DEINE the b axis of the hexagonal tetrahedral
sheet. This relationship gives the lateral reduction of the
two axes, that, with our calculated values, the reduction
from by, to b, goes from 2.2% in Phl to 2.8% in Ms. The

- .
. . 138 100,10,
2 In this article, « is calculated: « = + Ziet |00 ~0ua]|

the basal oxygens in the tetrahedral crown.

, where O; are
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tetrahedral, octahedral, and interlayer thicknesses show val-
ues larger, but compatible with experimental values.

Atomic and groups volumes as a function
of composition

All of these previous bond distances and atomic group geo-
metrical parameters are calculated from the geometrical
relationships between the points where the nuclei of the
atoms are localized, which are obtained from the minimiz-
ing procedures of the forces, stresses, and energy of the crys-
tal. However, nothing is said about the atomic volumes of
the system, which can be also calculated following Bader’s
theory (Bader 1990).

Let us start with the atomic volumes found at room pres-
sure as a function of the composition. Bulk and atomic vol-
umes as a function of the molar fraction (Table 3) of Ms
have the following features:

(i) The cell volumes calculated from cell parameters,
Eq. (1), and average atomic volumes are quite close
(Table 3). The bulk volume calculated from the cell
parameters and from the addition of atomic volumes
have an average difference of 0.268 A3; and the bulk
volume from the cell parameters and the bulk volume
calculated from the addition of the average atomic vol-
umes have an average difference of 0.045 A3, which
may come from the round errors in the numeric integra-
tion procedure of the atomic volumes. Total volumes as
a function of X(Ms) are generally decreasing and agree
with the experimental values (Herndndez-Laguna et al.
2019).

(i1)) Most of the atomic volumes decrease as a function of
the increasing Ms composition, following the trend of
the bulk.

(iii) In general, Mg>* volumes increase as the composition
augments, showing a maximum at the middle composi-
tion.

(iv) Average atomic volumes laying in the interlayer space
(K and O,) have the largest atomic volumes. These
atoms follow similar behavior as a function of the com-
position.

(v) The Oy, O,, and Og oy, atoms have different values
depending on the position they have in the crystalline
structure, O,’s being the smallest, which are in the
densest part of structure.

(vi) The Ogop, and H atoms have quadratic behaviors as a
function of composition, but the first one with a maxi-
mum and the second one with a minimum, which could
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If)'l’l'l‘fni . ’(*/{gffst;‘l“i‘:l‘smes 0.0 0.25 0.50 0.75 1.0 ¢ G c, R
(V)*"<, and their coefficients H 2.583 2472 2.383 2.409 2.460 258 =062 050 097
g;’ur:ﬁsglfrf; tfézlfy“’;“éis e O 17471 17383 17311 17252 17227 1747 —041 0.5 0999
least square fitting method as a 0, 14.409 14378 14310 14275 14235 1441 -0.18 - 0.99
function of X(Ms) for the Phl— Opony  15.106 15.189 15.181 15.104 14.854 15.1 0.6 -0.86 0.99
Ms series at room pressure Mg 4.683 4712 4.764 4.720 _ _ _ _ _
Si 3272 3.264 3.251 3.232 3213 327 -0.03 -0.03 0998
VAl 3.811 3.705 3.639 3.614 3.582 381 —043 021 0.99
VAL - 3.706 3.640 3.615 3.580 377 -032 012 098
K 20.200 20074  19.953  19.848  19.692 2020 -050 - 0.996
\2 982.791*  972.657  961.526  951.135  940.042 983.0 —428 - 0.999
982,759  972.801  961.326  950.970  939.240
982.792°  972.632  961.460  951.034  940.012

4V /’s are calculated from the cell parameters

bV,’s are calculated from Eq. (1)

“V.’s are calculated from Eq. (1) using V; average atomic volumes in this table

be considered as complementary. If the average vol-
umes of both atoms are added, a decreasing quadratic
function is found (Vg opp) 4 =17.67 +0.007X(Ms) — 0.
36X (Ms)?; R>=0.98).
(vii) The average atomic volume of Si is smaller than VAl
and they follow quadratic decreasing trends, but Si fol-
lows a much milder behavior.

The VAP and Y'AI** cations have approximately
the same volumes at function of the concentration of
Ms, indicating the atomic volumes of AI** are inde-
pendent of their position in the crystalline structure;
however, fittings show different coefficients because
of the lack of the first term of YIAI** as a function of
composition.

The Si**, VIAI**, and Mg?* cations are isoelectronic
atoms. However, the volume of the more charged atoms
is approximately between 1 and 1.5 A3 smaller than the
Mg?* volume, indicating the volume contraction due to
the increasing nuclear charge.

If the radius of K™ is extracted assuming this volume as
spherical, we obtain a radius range between 1.675 and
1.689 A, which are slightly larger than 1.64 A, value
given by Shannon (1976) for the effective ionic radius
of Kt with a coordination number of 12, which agrees
quite well with our values. However, if we apply the
same procedure for the VAP, VIAI**, VIMg?*, and
IVSi** cations, we obtain 0.97, 0.96, 1.04, and 0.921 A,
which are larger than the Shannon’s effective ionic radii
with values of 0.39, 0.53, 0.72, and 0.26 A, respectively.
These differences are coming from the electron basins,
the topology of the electron density in the crystal space,
and the non-spherical shapes of atomic basins. All of
this can indicate once again the non-completely ionic

(viii)

(ix)

)

character of these ions in the micas crystal structure,
where bonds in the crystal pertain to several types.

Therefore, in general, the atomic volumes at a function of
the composition show a similar behavior as the total volume;
however, the Ogy, H, and Mg2+ follow an extremal behavior
approximately at the middle composition. The H atoms are
at first sight dangling in the octahedral hole, but they have
different configurations and hydrogen bonds (HB) with O,
and O, and different lengths depending on composition in
consequence.

From this view, a more general landscape can be accom-
plished if we fix our choice in the influence of the substitu-
ent’s atomic volumes in the bulk volume by studying the
bulk and atomic excess volumes. Considering Eqgs. (14) and
(15) and interpolating excess volumes with Eq. (12), Fig. 2a
can be depicted. The excess volume of the bulk as a function
of X(Ms) shows two maximal curves and one minimum in-
between calculated from Eq. (12) (Fig. 2a). The two maxima
are at X(Ms)=0.15 and 0.85, indicating the most important
deviations of the volumes out of the normal mix are remark-
ably close to end members, that is, a few amounts of one of
the substituents in either direction produce the largest distor-
tion of volume, getting a smaller asymmetry between both
maxima at X(Ms)=0.5. The maximum excess volumes in
nearby of the end members could come from the cation dis-
tribution models used in our calculations (Hernandez-Laguna
et al. 2019). In effect, our models with X(Ms)=0.25 and 0.75
are interstratified cation distributions in the octahedral sheets:
one sheet is merely Phl and other is mix of Y'AI** and Mg?*
substitutions at X(Ms)=0.25, meanwhile at X(Ms)=0.75,
one sheet is Ms and the other is a cation mixture. However,

@ Springer
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Ny —®@— VxsSi3
P=0GPa ©— VxsSi0 P =3 GPa A VxsIVAI3
0.08 - —A— VxsIVAI & i = S VxsOb3
—¥— VxsOb0 0.04 ++V
4 Vxsko xsK3
0061 < Vxs0a0 < VxsOa3
5 VxsO(OH)0 > VxsO0H2
i —@— VxsH3
4 —8— VxsHO 0.02
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Fig.2 Excess bulk and atomic volumes as a function of composition of the Phl-Ms series mineral at different pressures: a P=0 GPa; b P=3

GPa; ¢ P=7 GPa;andd P=9 GPa

in the central composition, both octahedral sheets have the
same concentration of both substituents. Therefore, the larg-
est changes in the volume with respect to the mechanic mix-
ture are produced for the interstratified compositions.

If analysis of excess atomic volumes is considered, the
groups of atoms contributing to this bulk behaviour can be
highlighted (Fig. 2a). In effect, the O,, O,, and Y'AI** show
excess volume curves with shapes like the bulk contour. Even
the K* curve shows a similar shape but with a very flat mini-
mum at the central concentration. The most surprising behav-
ior is related with YIAI>* substituent, that, having the same
curve shape than the bulk, it shows small deviations around
Vxs=0.0 J/molbar. Therefore, considering that this element
is one of the substituents of the system, its excess volume
should show larger values, which looks like to indicate that
VIAI** substitution in the system has small deviations of
the normal mixture, but its influence on other atoms of the
system induces distortions similar to the whole behavior of
the bulk, as it happens with O, O,, and K. These three last
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atoms show the largest volumes of the system, especially O,,
which has the largest volume of the O’s in the system and
along with K* have a special role in the interlayer space and
in the ditrigonal cavity. So, these atoms are very sensible to
substitution in the octahedral sheet. Besides, K* has a simi-
lar behavior to O,. The opposite behavior is related with the
other changing cation on the system: Mg**, which shows a
curve with a shape opposite to the bulk curve and with larger
values than Y'AI** curve, especially in the central composi-
tion, indicating that this cation influences the bulk Vxs in the
opposite sense and with larger extension than Y'AI?, compen-
sating the effect of VIAI**. So, the slight changes of volume
of the substituents with respect to the mechanical mixture
are transmitted and magnified to the locus of the structure
easier to change, that is, the easy-to-deform interlayer space.
The excess atomic volumes of Si**, and 'VAI** show values
near of 0.0 J/molbar and with similar curve shapes; the sub-
stituents do not have any important influence on them. The H
and Ogy atoms show complementary behaviors, that is, Ogy
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shows the largest positive deviation at the middle composi-
tion and H the largest negative deviation at the same compo-
sition. The complementary behavior of these groups yields a
small contribution to the excess volume of the system.
From the average atomic volumes (Table 3), average
bonds, bond angles, and polyhedral volumes are built by
simple addition of the atomic volumes. These atomic group
volumes can be considered as average volumes of the crys-
tal. Therefore, once the atomic volumes are calculated, the
average volumes of atomic groups can be easily studied. In
Fig. 3a and Table 4, the bond and atomic group volumes as
functions of the X(Ms) are depicted. Si/'VAl-O, and Si/'VAl-
O, show quadratic and lineal functions decreasing as X(Ms)
is increasing. Volumes of 'VAI-O,,, are larger than Si-O,,,
bonds, similar to the atomic distances. However, the vol-
umes of the Si/'VAI-O, are larger than Si/'VAI-O,, which is
opposite to that found for the bond distances. The bond dis-
tances are the distances between the points where the nuclei
are located in the crystal cell. However, the basal oxygens,
in the T sheet, are in the interlayer space, where the atomic
electron basins have more room for expansion, and the limit
of the electron basins is much more expanded than those
of the oxygens in the apical position, which are narrowly
closed by the coordination atoms. This fact put the ques-
tion mark about the absolute volumes for the atoms, seeing
from Bader’s analysis that the atomic volume in a crystal
or a molecule is deeply related with the bond and position
in the crystal. The behavior of all these bond volumes as a
function of composition is parallel (Fig. 3a). Quadratic and
linear fitting equations as a function of X(Ms) are written
in the same figure. Quadratic equation fittings are found for
the Si/'VA1-O, bond volumes and linear equations for the
corresponding Si/'VAI-O, bond volumes. Coefficients of the
fitting equations for the 'VAI’* are larger than for Si equa-
tions, indicating the effect of composition is more important
for the 'YAI-O bond volumes than for Si—O bond volumes.
Atoms in octahedral sheet show different behavior
(Fig. 3b and Table 4): Mg-O,, o) Volumes are larger than
VIAP**-0,,0(0m) volumes, being the volumes where the
O(on are involved the largest. VIAI**-0, have homogene-
ous decreasing behavior. The largest bond volumes for O gy,
atoms could come from the octahedral vacant where they
are located. The OH groups form HB with O,, atoms of
different strength. The Mg2+-0a bonds have a decreasing
behavior (Fig. 3b and Table 4); with a maximum either at
X(Ms)=0.25; and Mg2+'00(om has also a maximum at
0.50. The coefficients of the equations for Mg>* and Y'Al,
where apical O atoms are involved, have opposite signs.
The O-H volumes of the (Mg>*)O—H in Phl are larger than
(MTAP*)O—H in Ms. Besides, (Mg?")O—H shows a configura-
tion perpendicular to the basal plane. However, those of Ms
show an angular bond quasi parallel to the (001) plane. In effect,
the average volume of the angular atomic group of Mg?"-O-H

a = VSiObAveAtoV
215 VVAI-O,= 20.30-0.8XMs+0.3XMs? R?=0.97 | e VIVAIObAVAtY

A VSiOaAveAtoV
214 ’\.\.—_\V‘VIVAIOaAVAtV
[J
20,5 .\'\'\-\.

o VSi-0,=20.7445-0.43XMs+0.13XMs? R?=0.999
S:C/ 20
£ 19,54
Q
g 194
Q 65| VVA-O,= 18.13-0.31XMs; R*=0.97

VSi-0,=17.688-0.24XMs; R?=0.992

18 N«v\#

0 0,2 0,4 0,6 0,8 1
XMs
b ® VMgOaAvVat
20.0 - ® \WWiAlOaAvVat
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4 v VO(OH)VIAIAWAL
1951 VMg-O(OH)=19.77+0.8XMs-1.0XMs%R?=0.98
mD')
= VMg-O,= 19.09 +0.11XMs-0.31XMs?; R?=0.98
=1904 T .
<]
o
Q v
< 1854
>§7 VVIAI-O(OH)=18.82+0.5XMs-0.8XMs?R?=0.990
>
18.0 - '\‘\‘\.
VVIAI-O,= 18.22-0.6XMs+0.2XMs?; R?=0.99
17.5 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
XMs
c = ViSIAVWAL
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Fig.3 Bond and atomic group volumes from the average atomic
groups: a Si/'VAI-Oy,, bond volumes; b Mg**/V!AP*-0,, oy ¢ tetra-
hedra of Si and VAIP*

is 22.363 A%, while that of V'AI**-O-H is 20.894 A?, which
looks like to indicate that the perpendicular arrangement of
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Table 4 Average atomic group G,y Phi 0.25 0.50 0.75 Ms

volumes (A”) as a function of

X(Ms) at room pressure Si-O,, Al-O, 20.743,21.282 20.647,21.176 20.562,20.951 20.484,20.866 20.44,20.809
Si-0,, Al-O, 17.681, 18.114 17.642, 18.083 17.561, 17.949 17.507, 17.889 17.448, 17.817
0,-Mg, 0,-"Al 19.092 19.09, 18.084 19.074,17.95 18.995,17.89 -, 17.815
O(OH)-Mg, O(OH)-Al 19.78 19.901, 18.895 19.945, 18.821 19.824,18.719 -, 18.434
O-H 17.68 17.661, — 17.564 17.513 17.314
K-0O, 37.671 37.326 37.264 37.1 36.919
Mg-O-H, Al-O-H 22.363, — 22.373,21.367 22.328,21.204 22.233,21.128 -, 20.894
TetrSi, TetrAl 70.094, 70.633 69.791, 70.232 69.494, 69.882 69.263, 69.645 69.129, 69.498
OctMg, octAl 92.513, - 92.602,91.596 92.366,91.242 92.028, 90.923 —, 90.228

the OH with respect to the basal plane in the octahedral vacant
develops larger volumes than O-H closer to the basal plane.

Average K-O, volumes are the largest volume bonds in
the crystal, they show a clearly decreasing linear behavior
(Vi.op=237.60 —0.69X(Ms); R>=0.95).

The average volumes of the tetrahedrons of Si and
decrease with respect to the X(Ms) proportion following
quadratic functions (Fig. 3¢ and Table 4), the VAI** tetra-
hedron being the largest and the function the steepest.

Finally, the Mg?* octahedral has a volume value of
92.513 A3 in Phl, and the V'AI** octahedral has a volume
of 90.228 A® in Ms. They have the largest volumes out-
of-interlayer-space atomic groups in the crystal structure.
Nonetheless, the polygons of K with the basal oxygens
in the interlayer space have the largest volume, which also
decrease at function of the Ms composition.

IVA13+

Crystal structure and atomic volumes at increasing
pressure

Tractions and compressions from — 3 to 9 GPa are applied
to our system. In general, the crystal structure, atomic vol-
umes, atomic groups, polyhedron volumes, and atomic dis-
tances decrease when pressure is increasing. Variation of
all these geometrical parameters as a function of pressure
for this series mineral was studied by Hernandez-Laguna
et al. (2019). However, in this work, the atomic volumes are
especially considered as a function of pressure.

In this system, the atomic volumes decrease as a func-
tion of P, and this relationship is given by the atomic bulk
moduli (vide supra). Nonetheless, the evolution of the bulk
and atomic excess volumes at different P as a function of
X(Ms) can yield us an atomic mechanism landscapes of the
compression of the system. In effect, at pressures of 3, 7
and 9 GPa bulk and atomic Vxs are depicted in Fig. 2b—d.
Bulk Vxs from 0 to 7 GPa evolve decreasing the value of
their maxima and minima, making the structure more lineal
with respect to end members of the series. Minima change
Vxs values from positive to negative values, increasing the
negative value of the minimum with the increasing pressure.
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Besides, 3 GPa bulk excess volume shows the largest asym-
metry between maxima; and the largest maximum being near
X(Ms)=1. This asymmetry is softened at 7 GPa, and the
value of the maxima is the shortest. The effect of increas-
ing P on the bulk Vxs is to make the mix more normal with
respect to the end members. At a P=9 GPa, the central
minimum shows the most negative value, and the maxima
increase their values and asymmetry with respect to the 7
GPa bulk Vxs. Therefore, the most general effect of the
increasing P on the bulk Vxs is to change the sign of the
excess volume, especially at the central member.

The atomic excess volumes follow the trend previously
mentioned at pressure of 0 GPa, in general keeping the shape
and decreasing their maxima and minimum values, espe-
cially O, which follows bulk excess behavior quite faithfully.
At 7 GPa, Vxs of K shows the same trend but with very flat
values but increasing their maxima and minimum at 9 GPa.
From 7 GPa, the Vxs of Oy show an important asymmetry
in the extreme values of X(Ms). The Vxs of the H atoms
follow this trend with the opposite sign. Therefore, at high
pressure, OH groups are affected in diverse ways at concen-
trations near the end members, when OH are approximately
either perpendicular or parallel at the (001) plane. Si and
IVAI3* show maxima at the central concentration, small devi-
ations from the origin of Vxs (0.0 J/molbar) and they have
parallel behavior, with small separations between them at
increasing P. The asymmetry of extremes, shape, and values
of Mg and Y'Al Vxs curves are kept with the increasing pres-
sure. Therefore, the influence of these substituents is brought
to interlayer space where the major changes of atomic Vxs
are produced, especially in the basal O, which can be consid-
ered the building block of the excess bulk volume.

Bulk moduli of the series [the values are calculated
from bulk volume and the atomic values, Eq. (5)] increase
as a function of X(Ms), following the next fitting equa-
tion: K;=46.846.7X(Ms); R?>=0.991. The substitution
of three Mg?" in the cell by two AI** plus an octahedral
vacant address for increasing of the bulk modulus at 6.7
GPa at the pure Ms, which could come from by the larger
charge concentration on two octahedra instead of to share
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the 6+ formal charges of the three Mg* in three octahedra.
On the other hand, an empty cavity located in the Ms loci
should make the octahedral sheet more compressible. How-
ever, three Mngr in Phl have a volume of 14.05-14.16 A3 but
two YIAI’* have a volume between 7.41 and 7.16 A, The
difference of volume between the 3 Mg?* and 2 VIAIP* is
between 6.64 and 7.06 A3. At first, these differences could be
approximately estimated to the volumes of the empty cavi-
ties, which, along with the different nature of the substituent
cation and its influence on the rest of the structure, could be
the origin of property changes along the series. The volume
difference of the bulk along the series is between 9.96 and

Table5 Weighted average atomic incompressibility —moduli
[Km and K, | K, = Zl_tﬂ GPa| as a function of X(Ms)

Atom Phi 025 050 0.75 Ms
H,iho1 24.3 24.3 28.8 29.5 -

H, iho2 19.6 19.3 21.6 23.7 -
Hpjanart - 57.7 44.2 58.1 75.6
Hjana - - - 432 49.5
K* 24.0 24.1 24.7 25.7 26.5
Mg>* 141.6 144.3 139.1 168.5 -

Si 132.0 152.5 155.0 154.5 159.4
VAP+ 162.8 197.1 178.5 177.6 173.2
VIAPH 179.6 165.9 188.1 190.0
Oo.n 140.4 121.7 107.0 128.7 112.3
0O, 332 34.7 35.8 37.0 38.4
0o, 102.4 108.0 108.5 114.0 114.3
Bulk 46.8 48.7 49.5 52.0 53.6

11.73 10%3, indicating that, in terms of volume, the substi-
tutions go further than the difference of volume between
3Mg>* and 2V'AI** volumes. So, with respect to the more
spread/concentrated charge in the three Mg>* of Phl/two
VIAPP* of Ms and the change of volume of no-empty-cavity
in Phl/open-octahedral-cavity of Ms for the Phl/Ms loci, the
system performs by decreasing/increasing bulk modulus.
In general, the atoms varying their atomic moduli in the
same direction than the bulk moduli are the following: the
O-H groups are located in the octahedral cavity, forming
HB with the basal and apical O atoms. Besides, these O-H
form mainly two types of angles as a function of the pro-
gression of the mineral series: approximately perpendicular
or parallel to the basal plane in Phl and Ms substitutions,
respectively. These orthogonal H’s present two different
values of the atomic incompressibility modulus: around 24
(H,(,; in Table 5) and around 19 GPa (H,,,, in Table 5).
The O-H bond distances and angles show slight differences
between them. However, the angle of OH groups in the AI**
octahedral cavity decreases to extremely low values, being

approximately parallel to the basal plane with the progress-
ing of Ms concentration. The atomic bulk modulus of these
H’s increases to 57.7 GPa in the X(Ms)=0.25 mixed mem-
ber, meanwhile the orthogonal H’s keep on the previous two
mentioned values. The high rigid H atoms associated with
the low angle of the O-H are located close to the O,’s, and
at the compression process, they have less room and freedom
for compressing consequently. Meanwhile, the H,;,, atoms
pointing up to the tetrahedral cavity have more room and
freedom in the compression process. At the end member
of the series (X(MS)=1), the atomic bulk modulus of the
Hg_y atoms increases to 75 GPa, indicating clearly that H’s
parallel to (001) are more rigid than Hg ; perpendicular to
this plane. These facts could also have implications in the
HB of the OH groups with the basal and apical O atoms. In
Phl, the OH groups form HB with one donor O,, meanwhile
in Ms cavities, bifurcate HB are found doing interactions
with three donor O (two apical and one basal O). So, they
play a key role in the compression mechanism. Therefore,
Ms’s H atoms, with their different configurations and bonds,
are more resistant to pressure. The HB of the OH groups are
so important that they control also the elastic constants and
bulk modulus in kaolinite (Sato et al. 2005), decreasing the
bulk modulus in a range between 21 and 55 GPa, following
different experimental and theoretical methods. In effect, the
HB’s between the OH groups of the octahedral sheet and the
siloxane O atoms of the next sheet control the bulk modulus
of kaolinite. In our case, the HB’s are internal HB’s, but in
the trioctahedral substitutions, OH vectors point to K*, pro-
ducing repulsion between H and K positively charged atoms.

The K* cation shows the lowest values of the atomic bulk
modulus of all atoms in these series minerals, except H ;.»-
The average atomic bulk modulus values of K* increase as
a function of the Ms composition and with the bulk moduli
in the series: K =-0.79+0.51K,, R?>=0.992. The slope of
the fitting indicates that K, is approximately half of K, so
the other half must be determined by other atoms and locus
of the crystal structure. This fact comes from the interlayer
position of K* in the interlayer space, being the locus where
the weaker forces are interacting and, therefore, the place
where the bulk modulus is determined. As also Comodi et al.
(2004) suggest: “the interlayer cation strongly controls bulk
mica compressibility”. The weakest “string” in the crystal
structure clearly is the interlayer space, and the place where
the structure collapses the easiest when pressure is applied.
Furthermore, Kt atomic volumes are the largest (Table 3),
and the weakest bonded, and the most compressible in con-
sequence (Table 5). The atomic volume decreases as X(Ms)
(Table 3) and K increases (Table 5).

Previously analyzed atoms have constant concentrations
in the different compositions; however, Mg>* are decreasing
with increasing X(Ms). The average atomic bulk moduli are
one of the largest in the structure (141.7-168.5 GPa). The
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position they have in the crystal is very deep and tight by the
apical O and Oy atoms in the octahedral sheet.

VIAIP* is increasing along the series and shows larger
Kyyia; than Koy, and K increases in spite there are two APY
by three Mg?*. In general, K, increases along the series;
however, at the middle concentration, the values reduce, like
Mg?*. The decreasing of Mg>" and the increasing AI** and
one octahedral cavity all along the mineral series are the
main differential features in our system; however, they do
not show any regular nor functional behavior with K,,.

The Si** cation has a constant concentration in our sys-
tem. The average atomic bulk modulus goes between 132.0
and 159.4 GPa. Although it shows an increasing behavior
with respect to K, it does not follow any easy functional
behavior. Maybe Oy, atoms, which are bonded to Si, at the
vertexes of the tetrahedral cavity and in the interlayer space
absorb the highest strains in the compression process.

In general, atomic bulk modulus of "VAI**’s show higher
and lower values than V!AI**, depending on the composition.

The O, atoms have K, values lower than Ogy; but both
being of the same order. However, K, shows values about
one tier of the previous ones. The position in the interlayer
space of Oy, which gives them the largest volumes of the O
atoms in the structure, determines the lowest atomic bulk
modulus value of the O atoms, that, along with K™, shows the
lowest incompressibility locus of the structure. This large com-
pressibility at the interlayer space is related to the occurrence
of six-membered ring of micas and phyllosilicates in general.
Interconnection of six-member rings of tetrahedra provides
a bond angle at Oy, that approximates the tetrahedral angle
in opposite to three- or four-membered rings (Burdett and
McLarnan 1984). Thus, we consider that covalency of bonds at
O, determines the nature of interactions at the interlayer space.
In fact, there is a reduction of this covalency of bonds at O, in
Ms with respect to Phl due to the inductive effect arising from
the di—trioctahedral substitution in the studied micas (Al-O
bonds are more covalent than Mg-O bond). According to it,
atomic compressibility of O, and the nature of the bond at O,
would determine the compressibility of the phyllosilicates. In
addition, the largest volumes of the O, atoms increase drasti-
cally their polarizabilities, and, as a consequence, the refrac-
tive index also increases (Bloss 1994). Thus, hexa-net defined
by O, atoms in the T sheet at the level of the interlayer space
explains the major refraction index of phyllosilicates parallel
to the (001) plane. The problem of bonding in this series will
be accomplished in the next article about this subject.

Conclusion
DFT calculations are performed to 2M| Phl-Ms mineralogi-

cal series as a function of the composition. Crystal structure,
bond distances, angles and volumes of atomic groups agree

@ Springer

with known experimental results. OH of Mg>" octahedra are
approximately perpendicular to the (001) plane, and those
of the YTAI** octahedra are approximately parallel to the
(001) plane.

Atomic volumes are calculated from the atomic basins,
which are found between the limits of the zero-flux surfaces of
the gradient of p(r) which surrounds one local maxima of p(r).
By the nature of these calculations, the volume of the crystal
can be analyzed in terms of atomic volumes. This analysis
gives us a detailed landscape of the crystal structure in terms
of the building block of the atoms. Atomic volumes of the
same atomic number present different values depending on
the position they have in the crystal structure. The O, atoms
are the most highlighted example, having the largest volume
between all O’s in the crystal. This large volume is determined
by the interlayer space and the tetrahedral cavity in which Oy,
are placed. Besides, K™ shows the same features. Therefore,
the Si — O, is shorter than Si—-O, distances calculated from
atomic positions of the nuclei; however, the opposite is true if
calculations are made in terms of atomic volumes. The inter-
layer space lets atomic basins be more spreads than atoms in
more compact places of the crystal structure.

Bulk excess volumes as a function of composition show a
double maximum with a minimum in-between. The atomic
excess volume of O, Oy, K*, and VIAIP* shows curves with
similar shapes than the bulk shape, but that of YVIAI** is very
much softer than the bulk curve. Mg** excess volume curve
is opposite to the bulk curve. Therefore, substitution atoms
transmit their effect to other atoms, especially those in the
interlayer space.

At high pressures, excess bulk and atomic volumes tend
to decrease their effect, being closer to normal mix, even
passing on their positive effect to negative values, and show-
ing some asymmetries between the maxima at the extreme
compositions. Pressure highlights the differences between
the interstratified compositions. In all cases, excess bulk
volume curve is determined by the same set of atoms, espe-
cially by O,.

Atomic bulk moduli also show differences depending on
the nature of the atoms, so K™ have the lowest atomic bulk
moduli, but also of the position that atoms occupy in the
crystal structure, such as O, having the lowest value between
the majority of the atoms and the rest of O. Both atoms
behave as the bulk modulus of the series. We conclude that
the structural behavior of phyllosilicates under pressure may
be monitored by the atomic bulk moduli of O,. Finally, there
are significant differences in the atomic bulk moduli between
H coordinating to Mg** (H_,,) and those coordinating to
VAP (H
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