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ABSTRACT: This study introduces a new structural model of IM 2:1 trioctahedral clay
minerals or, more generally, 2:1 trioctahedral phyllosilicates. The structural model requires
only the chemical formulae of the clay minerals as an input and uses the regression relation
(Radoslovich, 1962) to calculate the a- and b-dimensions of the phyllosilicates with the given
chemical formulae. The atomic coordinates of the constituent atoms are geometrically calculat-
ed for C2/m space group under the assumption that the interatomic distances are constant. To
determine the c—dimension, this study calculates the binding energies of IM 2:1 trioctahedral
phyllosilicates as a function of d(001) and find the minimum energy producing d(001).

The structural model generates the cell dimensions, interaxial angles, interatomic distanc-
es, octahedral, tetrahedral and interlayer thickness, polyhedron deformation angles and atomic
coordinates in the unit cell. The simulated structural parameters of phlogopite and annite are
very close to the reported data by Hazen and Burnham (1973), suggesting that the structure
simulation using only the chemical formulae is successful, and thus, that the structural model
of this study overcomes the difficulties in the previous models by other investigators.
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INTRODUCTION

Many naturally occuring clay minerals or
phyllosilicates formed under relatively low tem-
peratures and pressures generally occur as micro-
crystals having poor crystallinities and nonstoi-
chiometric chemical compositions, which makes

the clay mineral separation difficult, and conse-
quently, causes erroneous chemical analyses and
provides insufficient structural parameters. Clay
minerals significantly control the mineral assem-
blages and water chemistries of many geological
systems, and determine the physical properties of
clay-containing materials. Researchers in such
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fields as aqueous geochemistry, low grade meta-
morphism and material science have investigated
the clay minerals to understand their systems or
materials better. However, the inaccurate chemi-
cal compositions and structural data are great
disadvantages to those researchers, especially
when they study the crystal chemistries, stabilties
and other aspects of the clay minerals.

The purpose of this study is to develop a geo-
metrical strucural model of 2:1 trioctahedral
clay minerals, which provides all the structural
parameters as a function of the chemical compo-
sitions only. The structural model may help
researchers understand the relations between the
chemical constituents and the structural details,
and thus, stabilities of 2:1 trioctahedral clay min-
erals.

A few researchers have tried to simulate the
structures of phyllosilicates using geometrical
analyses. Franzini and Schiaffino (1963), Donnay
et al. (1964), Tepkin et al. (1969) and Appelo
(1978) developed the structural models for 1M 2:
1 trioctahedral phyllosilicates and Appelo (1978)
and Yu (1990a) simulated the structures of 1M
and 2M1 2:1 dioctahedral phyllosilicates. The
structural models of these workers except Yu
(1990a) require knowing the chemical composi-
tions, cell dimensions and/or interaxial angles to
accomplish the simulations. As mentioned earlier,
however, the structural data used for the simula-
tions, such as b, ¢ and A are not readily available,
especially for nonstoichiometric clay minerals.

This paper introduces a new structure
synthesis method for 2:1 trioctahedral clay min-
erals which requires only the chemical composi-
tions as input data. The synthesis provides all the
structural details, including the cell dimensions,
interaxial angles, interatomic distances, octahe-
dral, tetrahedral and interlayer thicknesses, poly-
hedron deformation angles and atomic coordi-
nates in the unit cell. The geometrical analyses of
the structure and the binding energy calculation
of the 2:1 trioctahedral clay minerals generate
these structural details.

ASSUMPTIONS FOR THE
STRUCTURE SYNTHESIS

The work of many investigators on the struc-
ture of the phyllosilicates leads to the following
assumtions, which cause no significant error dur-
ing the structure simulation:

1. The octahedra are stretched and flattened into
trigonal antiprism because of repulsion be-
tween the octahedral cations. The octahedral
cations maintain an ideal hexagonal configura-
tion when they are projected on (001).

2. The b~ dimension is determined by the octahe-
dral layer only, because the octahedron is more
ionic than the tetrahedron and edge sharing oc-
tahedra are more rigid with respect to rotation
and tilting than the more covalent corner-
sharing tetrahedra.

3. The tetrahedra rotate to fit the a-dimension.

4. All the cations in the each cationic site are ran-
domly distributed enough that we may consid-
er the interatomic distance between the cation
and anion as the average of the interatomic dis-
tances. The distance is a function of the frac-
tion of each cation in each cationic site.

5. Interatomic distances remain constant, no-
matter what kind of distortion and deformation
occurs, except the interatomic distances be-
tween the interlayer cations and the basal oxy-
gens, which are determined by the Coulomb,
Pauli repulsion and London forces between the
layers.

6. The space group of 1M 2:1 trioctahedral clay
minerals is C2/m.

b-DIMENSION AND INTERATOMIC
DISTANCE CALCULATIONS

Given the chemical composition, the b-di-
mension is calculated with a regression equation.
A few researchers have predicted the b-dimen-
sion of phyllosilicates with regression analyses of
the b-dimension as a function of chemical com-
position (Faust, 1957, Radoslovich, 1962; Veitch
and Radoslovich, 1963). This study uses Rado-
slovich’s equation (Radoslovich, 1962):

b=28.925+0.099K —0.069Ca +0.062Mg+0.1 16Fe’*
+0.098Fe* +0.166Ti for mica and

b=28.944+0.096Mg+0.096F¢’** +0.037Al..  for
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smectite, (1)

in which the element symbols represent the
numbers of the cations in an O, (OH) formula.

The interatomic distances in cationic sites
are obtained by averaging the interatomic dis-
tances of the occupying cations according to
their mole fractions:

rizzlfl,pr| ’ (2)

where r, is the interatomic distances in the ith
cationic site, f; is the mole fraction of jth cati-
on in the ith site and r; is the interatomic dis-
tance between the jth cation and an oxygen
bonding to it. The interatomic distances be-
tween the cations and oxygens are obtained
from the effective ionic radii (Shannon, 1976)
and reported interatomic distances in clay
minerals. Table 1 lists the interatomic distances
adopted in this study.

Table 1. Interatomic distances used in the structur-
al model of 1M 2:1 trioctahedral clay minerals.

Atomic Pair  Layer Interatomic Distance(A)
Si-O Tetrahedral 1.610

Al-O Tetrahedral 1.745

Fe"-O Tetrahedral 1.840

AlI-O Octahedral 1920

Fe*-O Octahedral 2000

Fe''-O Octahedral 2130

MgO Octahedral 2060

OCTAHEDRAL LAYER SIMULATION

Fig. 1 shows an ideal and flattened octahe-
dron. From Fig. 1, the projected octahedral edge
length, d,, on (001) is calculated by

db=1,/2sin(60°)=1.//3 , 3)

where 1, is the octahedral edge length, given by b/
3. If we define “octahedral flattening angle”, ¢, as
the angle between [001] and the line connecting
opposite vertices of the octahedron (Donnay et
al, 1964), the angle beames

p=sin( 75 ) @

where 1, is the interatomic distance between the

octahedral cation and the apical oxygen, calculat-
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Fig. 1. Ideal (solid line) and flattened (broken
line) octahedron.
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Fig. 2. Atomic configurations in the octahedral
layer, projected on (001).

ed with equation (2). Then, the octahedral thick-
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ness, Cos, 15 given by

Coa=2r,COSY. Q)

The coordinates of the octahedral atoms
are calculated with the values obtained from
equations (3), (4) and (5). Fig. 2 illustrates the
atomic configurations in the octahedral layer,
projected on (001). The atomic coordinates be-
come as the below:

For the octahedral cation, M6(I) and M6(1I),

Xmsn =0.0
)’Ms(l)=0.5
Z Mm6(D =0.5
Xmscn =0.0
yusan=1/6
Zwsy =0.5.

For the bridging oxygen (or apical oxygen), O3,
and the hydroxyl ion, OH,

o224, c(1/2—z)cos8
a a

Yo:=1/6
Zo3= 1/2—Cocl/2c,

=$+£gl/2—_10”)9‘(ﬁ

X

o= a
You= 0.0
Zon=Zo3.

In the above equations, X,y and z represent
the atomic coordinates, a and ¢ the cell dimen-
sions, 3 the interaxial angles and ¢’=c sinf

TETRAHEDRAL LAYER
SIMULATION
Fig. 3 shows an ideal tetrahedron having the
edge length and hieght of
1=2/2r/V3 and (6)
Ca=4r/3 + 0025. @)

Where r. is the interatomic distance be-
tween the tetrahedral cation and oxygen, ob-
tained with equation (2). In a real structure, the
distance between the tetrahedral cation and
apical oxygen is about 0.025 A longer than the
distance between the tetrahedral cation and

the basal oxygen. Thus, this correction is in-
cluded in equation (7).

The lateral dimension of an undeformed
tetrahedral layer is generally larger than that
of an octahedral layer. The rotaion of the tetra-
hedra relieves this lateral size misfit between
the tetrahedral layer and octahedral layer. Fig,
4 illustrates how the tetrahedral rotation re-
lieves the size misfit. From Fig. 4, the rotation
angle, ¢, is calculated by

a= cos“‘(ial—t , (8)

where a represents the a-dimension, which e-
quals to b/y3.

Fig. 5 shows the positions of the tetrahedral
cations, basal oxygens and apical oxygens, pro-
jected on (001). The atomic coordinates of the tet-

L=2ﬁr1/3

Fig. 3. Ideal tetrahedron.

a/2

a/2 =lcosa

Fig. 4. Tetrahedral rotation to fit the a-dimension.
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Fig. 5. Atomic configurations in the tetrahedral
layer, projected on (001).

rahedral cation and basal oxygens are calculated
with the results from equations (6), (7) and (8) and
the octahedral atomic coordinates:

For the tetrahedral cation, M4,

C 3—Zms }JCOS
Xns = Xos+ (103 arvM) B ,

Yvmi=Yo3 .
Zme =203 — (1. +0.025)/c’.
For the basal oxygen, Ot ,

_. _ lsine | lcosa , c(zos—2zo)cosB

Xo1= Xo3 253 + 72 + 2 »
—v.. _ lcosa lsina

y01 y03 2ﬁb 2b )

Zot=Zos — Cw/C .
For the basal oxygen, O2,

Leosa ¢(zos—Zo2)c0sB
b4

Xor=Xos+= = .
Yo:=0.5 ,
zZoz =201 .
INTERLAYER SIMULATION AND
C—DIMENSION CALCULATION
The atomic coordinates of the interlayer cation,

ML, is fixed to the values of xx=00, ym=00 and
zw =0.0. The interaxial angle, 3 is calculated by

A=90° + tan '(d. /). 9)

The c-dimension of the phyllosilicates is the
sum of the thicknesses of the octahedral layer, tet-
rahedral layer and interlayer. Unknown is only
the interlayer thickness for the the c-dimension
calculation. The interlayer thickness is a function
of the interatomic distance between the interlayer
cation and the basal oxygen. One may try to cal-
culate the interlayer thickness from the reported
interatomic distances from Shannon (1973) or
other mica structure analyses, just as we do in the
octahedral and tetrahedral structure simulation.
However, the almost completely ionic character
of the bonding between the _iflterlayer cation and
oxygen makes the bond distance variable, unlike
the octahedral and tetrahedral bondings which
have about 60% covalancy at maximum. Thus,
one should avoid using a constant interatomic
distance in simulating the interlayer structure.

The binding energy calculation is useful in
determining the c-dimensions of phyllosilicates,
because the phyllosilicates must have the mini-
mum energy producing c-dimensions or d(001),
which we observe in nature. For a arbitrarily
given c-dimension, all the strcutural details can
be generated according to the above structural
model. For a series of such structural models
having different c-dimensions, the binding ener-
gies can be calculated and the minimum energy
producing c-dimension or d(001) can be found.
Yu(1990b) discussed the details of the binding en-
ergy calculation theory. This study adopts the
binding energy calculation procedures of Yu
(1990b) and determine the c-dimension of 2:1
triocthaedral phyllosilicates. Table 2 summarizes
the geometrical structural medél of IM 2:1
trioctahedral phyllosilicate, having space group
C2/m.

RESULTS AND DISCUSSION

The structural parameters of phlogopite and
annite are obtained according to the structural
model summarized in Table 2. The chemical com-
positions of the phlogopite and annite are KMg;
(AISi)OKOH): and KomAb mFe ouF e’ 2seMg i
(Al Siz 6 )OLOH), respectively.
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Table 2. Structural model for 1M 2:1 trioctahed-
ral phyllosilicates, space group C2/m.

Required Data: Chemical composition
Cell Dimesion Calculation:

b=8.925+0.099K —0.069Ca+0.062Mg+
0.116Fe*" +0.098Fe** +0.166Ti

a=b//3
c¢=the minimum energy producing c—
dimension

Interatomic Distance, Edge Length, De-
formation Angle and Thickness Calcula-
tions:

ri=2,f.,jr,
l.=b/3
d=1/y3
1:=2ﬁrt/ﬁ
. L
$=sin (———rﬁ)
- ~1(_§_
a=cos (5
Cou=21,COS¢
Cia=4r1/34+0.025
¢ =csinf

Atomic Coordinates Calculation:

M1 xwi=0.0
ymi=0.0
zw=0.0

Me6(1) Xms(n =0.0
ymen =0.5
Zusy = 0.5

M6(11) Xwscn = 0.0
YMmean = 1/6
Zusony = 0.5

C(Zo3—ZmsJCOS
M4 xXmi=ZXos + ’(—B“E“M_—B‘

YMe=Yos s
Zma=2z0s — (1.+0.025)/c ( Jeosd
_. _ lsine  lcosa | ¢(Zoy-Zoy)cos
01 X0 =Xos 2./?a+ 2a T a

_ kLeosa | lsing

Yo1=Yo3 2Eb 26
Zo1=Zo3s — Ciwet/C’

l,cosa
=Xo3 + &=t —Za2)cosfs/a
02 Xoz=Xo3 /32 c(zos—z02)cosf/
)’02=0.5
Zo2 =~ Zo1

Table 2 Cont'd.

03 xu=2d, +

Y= 1/6
Zw=1/2 — cu/2¢
_do | c(1/2—zou)cosB
OH xw= 2a + T
You=0.0
ZoH=1203

c(1/2—zg)cosf
a

~3677.5

Energy (Kcal/mole)

-3679.0

-3679.5
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Fig. 6. Binding energy variation of phlogopite as a
function of d(001).
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Fig. 7, Binding energy variation of annite as a fun-
ction of d(001).
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To determine the minimum energy produc-
ing d(001), the binding energies are calculated as
a function of d(001). The binding energy calcula-
tion uses the same parameters and constants as
those in Yu(1990b), except 0 and Pauli radii of K
and oxygens. This study chooses 0=0.156 A ' and
the Pauli radii of 1.5, 1.079 and 1.086 A for K, the
basal oxygen and the apical oxygen, respectively.

Figs. 6 and 7 respectively show the binding
energy variations of the phlogopite and annite as
a function of d(001). The minimum energy pro-
ducing d(001)’s are respectively 1000 and 1008 A
for the phlogopite and annite. Tables 3 and 4
compare the structural parameters generated
with the structural model using the minimum en-
ergy producing d(001)’s with the reported ones of
Hazen and Burnham(1973) for phlogopite and
annite, respectively.

Table 3 and 4 show that the difference be-
tween the simulated structural parameters and
the reported ones are within experimental error.
The x-coordinate diffrence of O2 in Table 4 for
annite is 00137, which seems to be a significant
error. If we convert the coordinate differnce to
the actual distance difference, however, the 00137
difference in x-coordinate represent only 00738
A difference along the a-direction which is iden-
tical to 0.0072 differnce in z-coordinate. Thus, the
x-coordinate difference of O2 in annite is not so
significant as the number itself represents. In con-
clusion, the results of this study show that the
structure simulation is successful only with the
chemical formulae of 2:1 trioctahedral phyll-
osilicates, and thus, one does not need any struc-
tural parameter to simulate the complete struc-
ture as in previously suggested models.

Table 3. Comparison of the simulated with the reported structural parameters of phlogopite

(Hazen and Burnham, 1973).
Simulated Hazen and Burnham Difference

Atomic Cobrdinat&s:

X y z X y z | ax] | Ayl | ozl
MI 0000 0000 0000 0000 0000 0000 0000 0000 0000
M6(1) 0000 .5000 .5000 0000 0000 5000 0000 0000 0000
M6( 1) 0000 1667 5000 0000 .1685 .5000 0000 0018 0000
M4 5730 1667 2281 5752 1668 2254 0022 0001 0027
01 8278 2299 1733 8248 2307 1677 0030 0008 0056
02 5177 0000 1733 5180 0000 1675 0003 0000 0058
03 6317 1667 3950 6297 .1664 3902 0020 0003 0048
OH 1317 0000 3950 1330 0000 4008 0013 0000 0058
Cell Dimensions and Interaxial Angle:
a 53174 5.3078 C0100 (A)
b 9.2100 9.1901 00199 (A)
c 10.1539 10.1547 00008 (A)
B 100.05 10008 003 ()
Deformation Angles:
¢ 59.36 5896 04 (°)
a 79 75 04 (°)
Interatomic Distances:
Io 2060 2064 0004 (A)
I 1.644 1.649 0005 (A)
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Table 4. Comparison of the simulated with the reported structural parameters of annite (Hazen and Burnham,

1973).
Simulated Hazen and Burnham Difference

Atomic Coordinates:

X y - z X y z | x| [ Ay | Az
MI 0000 0000 0000 0000 0000 0000 0000 0000 0000
M6(1) 0000 5000 5000 0000 .5000 .5000 0000 0000 0000
Me6( 1) 0000 1667 .5000 0000 .1668 .5000 0000 0001 0000
M4 5746 1667 2239 5703 1665 2254 0043 0002 0015
(0| 8064 2500 1693 8031 2457 .1670 0033 0043 0023
o2 5564 0000 .1693 5427 0000 .1684 0137 0000 0009
03 6301 1667 3902 6291 1674 3894 0010 0007 0008
OH 1301 0000 3902 1239 0000 3931 0062 0000 0029
Cell Dimensions and Interaxial Angle:
a 5.3900 53860 00040 (A)
b 9.3358 9.3241 00117 (A)
c 102339 10.2683 00344 (A)
Jes 100.11 100.63 052 (°)
Deformation Angles:
¢ 58.36 5820 016(°)
a 000 1.5 15 )
Interatomic Distances:
I3 2110 2101 0009 (° )
n 1.650 1.659 0009 (°)

Although the simulated structures are very
close to the reported ones, a few more refinements
in the structural model and energy calculation
may improve the results. For example, the chemi-
cal formulae of phlogopite and annite used in this
study are idealized ones, which are a little differ-
ent from those reported by Hazen and Burnham
(1973). The structural model of this study ignores
F, Mn and Ti in the octahedral layer, which cer-
tainly cause somewhat erroneous results. In the
binding energy calculation, there are possibilities
for the improvements of ionicity estimation, Pauli
repulsion energy parameter determination and
van der Waals energy calculation. Future rea-
search will treat the above aspects of the possible
refinements.
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