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Abstract

Over several decades, a wealth of literature has been devoted to correlations between the chemistries of phyllosilicates and their crystal-
lographic unit-cell parameter values. The ¢ parameter is currently used because of its relation to the layer-to-layer distance, characteristic
of the various families of phyllosilicates. The b parameter is also of interest because it allows measurement of the layer lateral dimensions
and inherent structural adjustments. This unit-cell distance can be extracted from X-ray diffraction traces from the (06¢;33¢) diffraction
region and by attributing the main diffraction peak observed to a 060 reflection, leading to the relationship b = 6.d(060). The aim of this
paper is to revisit the relationships between the b value (or equivalent) of the phyllosilicate (i.e. TO, TOT and TOTO) or hydroxide (i.e.
hydroxide, oxyhydroxide and layered double hydroxide) families and the layer chemistry based on a mean ionic radius R of octahedral
cations, calculated as R = "7, (;.x;), where r; is the ionic radius of the octahedral cation i and x; is its molar fraction over n types of
octahedral cations (} 1, (x;) = 1). The data were collected from the literature and involved both natural and synthetic samples with
both dioctahedral and trioctahedral structures of the octahedral sheet. The results showed that b values can be linked strongly to R, lead-
ing to suitable linear regressions for all of the studied structures. All correlations were found to be applicable irrespective of the di- or
trioctahedral nature of the octahedral sheet, and these are discussed in light of (1) the lateral dimension of the octahedral sheet and (2)
the dimensional misfit between the tetrahedral and octahedral sheets. For hydroxide families, all data can be gathered on a single b vs R
correlation line, and the dimensional properties of the octahedral sheet can be interpreted simply based on an oxygen-cation—oxygen
mean distance. For TO structures, two general b vs R correlation trends were reported, and these were assigned to two adjustment
mechanisms corresponding to distinct types of tetrahedral and octahedral distortions. For the mica TOT family, two main trends
were also reported, whereas the use of the synthetic mica series allowed us to demonstrate that the obtained scattering of data was mainly
driven by the presence of multiple limited solid solutions. Such chemical complexity was also noted for smectites, especially regarding
the tetrahedral composition and associated variability in layer charge. This variability made it difficult to propose a general regression
correlating b to R values for smectites, although the regression obtained for neutral TOT layers can apply as a first-order relation. Finally,
a single general b vs R correlation was obtained for chlorites, and the observed slope of the regression was interpreted according to the
role played by the isolated hydroxide sheet on the evolution of the lateral dimension of the structures.
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structure and must be electrostatically neutral overall (e.g.
Bailey, 1981; Brigatti et al., 2011). In the T sheet, the most com-
mon cations are Si, Al and Fe®*, whereas in the O sheet, the most

Phyllosilicates are layer silicates whose layer unit is composed of
an octahedral sheet (O; closed packed array of anions) linked to
one or two tetrahedral sheets (T; near-hexagonal rings of tetrahedra).

Three basic structures of layers are generally found: the so-called TO
(1:1), TOT (2:1) and TOTO (2:1 +interlayer octahedral sheet)
layers (Fig. 1la). Adjacent layers are linked by hydrogen bonds
(e.g. TO minerals), by van de Waals forces (e.g. talc and pyrophyl-
lite) or by various interlayer materials (hydrated cations, e.g.
smectite; cations, e.g. mica; metal-hydroxyl octahedral sheets,
e.g. chlorite). The assemblage of a layer plus interlayer is a unit
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common cations are Al, Mg, Fe’" and Fe**. Numerous other sub-
stitutions occur in natural and synthetic phyllosilicates (e.g.
Kloprogge, 2017). When the octahedral cations are divalent, all octa-
hedral sites are occupied and the structure is trioctahedral, whereas
if octahedral cations are trivalent, only two-thirds of octahedral sites
are occupied and the structure is dioctahedral (Fig. 1b). The position
of (OH) in the dioctahedral sheet determines trans and cis octahedra
(Fig. 1c). The plane layer cell is classically described by an (a,b)
ortho-hexagonal cell in which the b parameter value (simply
noted ‘b’ in the following) is equal to three times the distance
between two adjacent octahedral cations. The structures of the O
sheets are similar to those of hydroxide structures.
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Figure 1. Schematic representation of (a) basic struc-
tures of TO, TOT and TOTO phyllosilicates. (b)
Projection of a and b cell parameters (orthorhombic
representation) on the surface of a trioctahedral and
a dioctahedral sheet. (c) Distinction between cis- and
trans-vacant di-octahedral sheets. (d) Tetrahedral rota-
tion angle o.

trioctahedral

To form a layer, similar lateral dimensions are required
between the O and T sheets. In general, the lateral dimensions
of the T sheet are larger than those of the O sheet, and a dimen-
sional misfit occurs between these sheets. The T and O sheets can
better form layers by contraction of T sheets via rotation of
adjacent tetrahedra as measured by the o angle (Fig. 1d; e.g.
Radoslovich & Norrish, 1962; Bailey, 1991b). An expansion of
the lateral dimensions of the O sheet by flattening can better
accommodate the linkage to the T sheet (e.g. Brigatti et al,
2013). Other structural adjustments depending on the amount
of strain at the sheet junction and the flexibility of the component
O and T sheets can occur (e.g. Guggenheim & Eggleton, 1986).
The degree of stress on the plane of the junction between O
and T sheets greatly influences the resultant crystal size, morph-
ology and structure of phyllosilicates (Bailey, 1981).

Numerous authors have studied the correlations between the
compositions of phyllosilicates and unit-cell parameters. The ¢ par-
ameter is particularly useful for phyllosilicates because in monoclinic
unit cells the csin(B) = ¢* = d(001) corresponds to the ‘basal spacing’,
or the layer-to-layer distance (Fig. 1a). The periodicity along c* can
vary depending on the polytypic arrangement because of the different
number of layers involved in the stacking sequence (e.g. Brigatti et al.,
2011). The b parameter is also of interest because it describes the O
sheet lateral dimensions (Fig. 1b). Its value is obtained from X-ray
diffraction (XRD) traces of the (06£3;33¢) reflections, with (060) giv-
ing b =6.d(060). The d(060) value is commonly used to distinguish
dioctahedral from trioctahedral phyllosilicates, the former ranging
from 149 to 1.52 A and the latter ranging from 1.52 to 1.53 A
(e.g. Srodon, 2013). Nontronite, a Fe**-rich smectite, is an exception,
with b superposed over the trioctahedral range (e.g. Petit et al., 2017).
b is sensitive to the octahedral site composition of phyllosilicates, and
many correlations are available in the literature. For example, d(060)
has been used to identify octahedral substitutions in kaolinite (e.g.
Petit et al., 1990). Brigatti (1983) correlated the octahedral site con-
tent of Fe and b of smectites (discussed below).
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Most such results were presented as linear relationships (e.g.
Russell & Clark, 1978; Brigatti, 1983; Petit et al., 2017) between
the b and octahedral site (and sometimes tetrahedral site) content.
Many authors (e.g. Radoslovich, 1962; Rieder et al, 1971;
Wiewiora & Wilamowski, 1996) used multiple regression equa-
tions such as in Equation 1:

b=by+ Z (ai.ci) (D
im1

where by is the b cell parameter of the end member mineral with
a; is the required regression coefficient for substituting cation 7,
and ¢; is the atomic content of cation i in the structural formulas
(SFs) containing # types of substituting cations. These relations
are restricted to a given family of phyllosilicates and do not
allow generalized relationships. Hazen & Wones (1972) estab-
lished a clear correlation between the b of trioctahedral micas
and the ionic radius of M>" octahedral-site cations. Similarly,
Brindley & Kao (1984) correlated the a and c unit-cell parameters
of M(OH), hydroxides and M-O distances. Gerth (1990)
observed that the unit-cell b dimension varied with the ratio of
metal-substituted goethite and was related to the ionic radii of
incorporated metals. Bentabol & Ruiz Cruz (2013) examined
the unit-cell values of lizardites with the ionic radius of the dom-
inant M cations. However, for several M cations, the unit-cell
values depend on the contribution of all octahedral cations (rela-
tive proportions and distribution). The current paper explores, in
the light of the dimensional misfit between T and O sheets, the
connection between the b of clay minerals and some related
minerals with the mean ionic radius R of octahedral cations cal-
culated as in Equation 2:

R = i (r,-.x,-)
i=1

)
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where 7; is the ionic radius of octahedral cation i and x; is its
molar fraction over n types of octahedral cations
(>"f, (x;) =1). Each family of minerals is discussed in this
paper within a dedicated section that can be read separately.

Methods

Data for natural and synthetic samples were obtained from the lit-
erature. Most of the available b values were calculated from d(060)
values measured from XRD unorientated powder traces according
to the relation b=6.d(060). The diffraction band at (060) is
observed at 1.49-1.54 A for clay minerals and represents several
overlapping (06¢3;33¢) reflections with small differences in
d-spacing. Accordingly, differences between actual vs extracted b
values are to be expected and must be considered for comparing
data between measurement methods.

The d(hkl) values (in A) derived from XRD experiments are
generally given to +0.005 A, whereas the spot sizes in the figures
represent the estimated uncertainties in the unit-cell parameters
of samples. The mean ionic radius R of octahedral cations is cal-
culated following Equation 2. Ionic radii are from Shannon (1976;
Table 1) and are given with +0.01 A uncertainty. SFs are from the
literature or were calculated from chemical compositions. The
uncertainty of R values cannot be generalized or estimated with
accuracy. The data were selected carefully. For example, samples
with SFs appearing to be obviously erroneous were disregarded.

The b dimension of a theoretical ‘free’ T sheet (i.e. with hex-
agonal symmetry and no tetrahedral rotations) is by, = (4\/ 2) x
(Si-0) ~ 9.15 A, with an average bond length for Si-O = 1.618
+£0.01 A (Fig. 1d; Bailey, 1981, 1984b), and substitutions of larger
cations for Si increase this value following Equation 3:

biet. = ax + 9.15 3)

where x is the number of tetrahedral atoms substituted for
Si (SitY,T)). Accordingly, parameter a takes the value of 0.74,
1.26 or 1.15 for Al, Fe’* or Ga, respectively. Be is treated as
equivalent to Si in calculating by, as the Be-O bond length is
close to that of Si-O (1.62 vs 1.618 A, respectively). Equation 4
can be used to calculate o, the tetrahedral rotation angle, also
termed ditrigonal rotation:

o = arccos(b/ by, 4)

This unique relationship assumes that contraction occurs by tetra-
hedral rotation alone (e.g. Radoslovich & Norrish, 1962), and it is
not very accurate compared to structure refinement XRD single
crystal data (Brigatti & Guggenheim, 2002). Clearly, for b/b
values >1, tetrahedral rotations do not apply because: (1) there
are existing uncertainties in the bond lengths (e.g. the Si-O and
"VAI-O bond lengths used are from Bailey (1984b) and are greater
than those of Shannon (1976)); (2) various other mechanisms are
involved to adjust T and O sheet lateral dimensions; and (3) tetra-
hedral angles may vary. Accordingly, b/b,., which also provides a
measure of misfit (McCauley & Newnham, 1971), was used here
over the o value to compare samples. Moreover, Peterson et al.
(1979) estimated from semi-empirical molecular-orbital cluster cal-
culations that a six-fold ring of a ‘free’ ideal T sheet has a minimum
energy at o.= 16° and not at o = 0°, suggesting that the ring has an
intrinsic ditrigonal character irrespective of octahedral articulation.

Finally, the M-O bond lengths were calculated using R
(Equation 2) as the average of the ionic radii in six-fold
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Table 1. lonic radii (A) of cations and 02- and their coordination from Shannon
(1976).

lon Radius
VAL 0.535
VA" 0.390
VBe?* 0.270
Vica?* 1.000
Vicd® 0.950
Vico?* 0.745
Vico®* 0.545
Vier* 0.615
Vicu® 0.730
ViIFe?* 0.780
ViFe3* 0.645
VEe3* 0.490
Viga* 0.620
VGa®" 0.470
VGe** 0.390
VILi* 0.760
Vimg?* 0.720
“YMn?* 0.660
ViMn?* 0.830
ViMn3* 0.645
VINiZ* 0.690
o> 1.350
o2 1.360
Vo?- 1.380
Vg 0.260
ViTid 0.605
Vi3 0.640
ViZn?* 0.740

coordination (Table 1). For octahedral oxygen ions, coordination
is (1) in four-fold for trioctahedral configuration (i.e. each oxygen
ion is bonded to three M** cations and one H* ion) or (2) in
three-fold for dioctahedral configuration (i.e. each oxygen ion is
bonded to two M>* cations and one H" ion). The b dimension
of a theoretical ‘free’ O sheet (i.e. with regular octahedra)
is bor. = 34/2M-0 (e.g. Guggenheim & Eggleton, 1987), and
thus (Equation 5):

boct. = 3+/2(R + 1.38) (5)

The percentage of octahedral enlargement (% O enlargement)
corresponding to the difference between the calculated b, and
observed b is according to Equation 6:

% O enlargement = ((b/bo.) — 1).100) (6)

The % O enlargement reflects variations in O sheet lateral dimen-
sions and is related to octahedral flattening and to O sheet thick-
ness as described for micas by Toraya (1981). An increase in the
% O enlargement is related to an increase in octahedral flattening
and a decrease in O sheet thickness. The % O enlargement vs
R plot is another graphic representation of the R vs b plot that
can be useful to discuss the variations in O sheet dimensions
(Guggenheim & Eggleton, 1987) and O sheet thicknesses.

Results
Hydroxides, oxyhydroxides and layered double hydroxides

Hydroxides, oxyhydroxides and layered double hydroxides
(LDHs; Fig. 2) require cell parameters to be transformed for com-
parison to phyllosilicates. Thus, to be equivalent to the b
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Figure 2. Basic structure of (a) hydroxide (brucite), (b) oxyhydr-
oxide (goethite) and (c) LDH.

parameter of phyllosilicates, the hexagonal a of M(OH), hydro-
xides, the orthorhombic ¢ of diaspore, the orthorhombic b cell
parameters of other oxyhydroxides and the a of LDHs were
each tripled. Table 2 provides the data used, which are plotted
in Fig. 3 as a function of R.

The plots for synthetic M>*(OH), brucite-like hydroxide
structures (Fig. 2) with M = Mg, Ni, Co, Fe, Mn, Cd and Ca are
in excellent agreement with the b vs R correlation (Fig. 3a). The
relation, b =4.4878R + 6.2462, is consistent with Brindley & Kao
(1984). Moreover, the M**(OH), minerals plus gibbsite fall on
the same correlation line with a very high R* (0.996). In gibbsite,
each octahedron is distorted, and the vacant site has the greatest
size (Saalfeld & Wedde, 1974). As b conforms to the mean ionic
radius of either di- or trivalent actual octahedral cations, the con-
tribution of the vacant site is integrated within R.

For MO(OH) oxyhydroxides (Figs 2 & 3b), a unique regres-
sion was derived for the group except for M=Mn>" (see
below), yielding the relation b=4.6673R + 6.0546. Diaspore
(Al), goethite (Fe*Y), synthetic GaO(OH) end members and syn-
thetic goethite substituted by heterovalent (divalent, tetravalent)
cations are in good agreement with the regression. Except for
Ga®*, cation substitution is very limited in goethite (Table 2).
For example, Stiers & Schwertmann (1985) failed to synthesize
the complete Fe’*~-Mn>" goethite solid solution and achieved
<15% Mn>* (Table 2). Groutite (o-MnOOH), which is isostruc-
tural with goethite, has an orthorhombic b of ~2.87 A, but this
is ~3.02 A for goethite (Table 2), although r(Mn>") is identical
to r(Fe**) (Table 1). Because of Jahn Teller effects (Shannon
et al., 1975), octahedra are distorted strongly in groutite, with
four short Mn-O distances (two of 1.895A and two of
1.965 A) and two long Mn-O distances (2.174 and 2.338 A),
with a mean Mn-O distance of 2.039 A (Kohler & Armbruster,
1997). Assuming this mean Mn-O distance and r0*) =136 A,
the mean r(Mn>") would be 0.679 A, which cannot account for
the large difference in the equivalent b between groutite and
goethite. When using the regression obtained for MO(OH) struc-
tures (Fig. 3b), the b for groutite corresponds to an ‘effective’
r(Mn>") = 0.548 A. Using this ‘effective’ #(Mn’"), the synthetic
Mn-goethites (Stiers & Schwertmann, 1985) follow the regression
well (Fig. 3b), and the R of the regression was slightly greater
when the Mn>" data were included (0.9845 vs 0.9818). This sug-
gests that in the groutite structure b is mainly dependent on the
shortest Mn-O distances.

The LDH structure is based on brucite Mg(OH), with octahedral
coordination around the metal ions (Fig. 2). Substitutions of divalent
M?** cations by trivalent M>" cations produce many isostructural
materials with the general formula Mi*,M>* (OH),A"",,,yH,O
(Table 2). These layered materials are readily synthesized (e.g.
Forano et al., 2013) and have numerous applications (e.g. Choi
et al., 2008; Costantino et al, 2009). Studying natural as well
as synthetic hydroxy-carbonates, Brindley & Kikkawa (1979)
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observed a very good correlation between the a parameter and
the extent of Al/M>" substitution, but they considered the
Mg-Al and Ni-Al systems separately. Using the mean ionic
radius R of octahedral cations, the cell parameters can be com-
pared, regardless of the elemental composition of the LDHs,
and this leads to the relation b =4.2043R + 6.3758 (Fig. 3c). The
lower value of the regression coefficient for the LDH minerals
compared to the other hydroxides may be related to uncertainties
in their more complex chemical composition. Indeed, because
LDHs are synthesized under pH conditions in which cations
can precipitate, bulk chemical analyses would give elemental
compositions consistent with the elemental composition of the
starting solution. However, the coprecipitation of amorphous or
nanocrystalline phases cannot be excluded and may be barely
detectable using conventional analytical methods, so that the
true elemental composition of LDH phases may be different
from the expected composition. Chemical analyses obtained
using transmission electron microscopy coupled to an energy-
dispersive X-ray detector would thus give more reliable results,
as the elemental composition and its dispersion through the
sample are good indicators of the purity of the studied samples.
As an example, for the shigaite natural sample, which was
found relatively far from the range (Fig. 3c), the calculated
value for the M*":M’" ratio using the correlation equation
would be 2.57 instead of 2.00 (i.e. 2.16 for the number of Mn**
atoms instead of 2).

The regressions between the O sheet dimensions and R for the
three types of hydroxide families have similar slopes (Fig. 3d), des-
pite their different crystallographic structures, implying that the
O sheet dimension depends essentially on the shape and size of
neighbouring octahedra. The effect of the octahedral composition
on the distance between two octahedral cations located in two adja-
cent octahedra is similar for M"*(OH),, MO(OH) and LDHs,
regardless of the di- or trioctahedral character of the minerals.
For the same R, the octahedral dimension of M""(OH),, hydroxide
minerals is slightly greater (0.08 +0.005 A) than those of the two
other structures that are more constrained due to their greater
complexity (Fig. 3d). The impact of structure is similar for oxy-
hydroxides and LDHs in the existing compositional range.

Brindley & Kao (1984) showed that the octahedral sheets in
trioctahedral brucite-like structures are all flattened to the same
extent with a mean flattening angle 1= O-M-0O, with O in the
same plane varying slightly from 97.1° to 98.1° (average 97.4°).
The unique linear regression observed here between gibbsite
and trioctahedral hydroxides suggests that 7 is similar for gibbsite
and for all M""(OH), hydroxides. Accordingly, from refined
structures, the values of the flattening angle t were found to be
98.5° and 98.3° for gibbsite (Saalfeld & Wedde, 1974) and brucite
(Parise et al., 1994), respectively.

The structure of M"*(OH),, hydroxides approximates a hexagon-
ally close-packed arrangement of anions with M"" ions in
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Table 2. Data used for hydroxide, oxy-hydroxide and LDH structures.

SF/composition Sample? R Parameter b References Comments

Hydroxides

Al(OH)3 Gibbsite 0.535 8.684 Saalfeld & Wedde (1974)

M2*(OH), Synthetic series a b=3a Brindley & Kao (1984) For b=3a, see text

Ni 0.690 3.117 9.351

Mg 0.720 3.147 9.441

Zn 0.740 3.194 9.582

Co 0.745 3.173 9.519

Fe 0.780 3.262 9.786

Mn 0.830 3.316 9.948

cd 0.950 3.499 10.497

Ca 1.000 3.592 10.776

Oxihydroxide c b=3c For b =3c, see text

oAlO(OH) Diaspore 0.535 2.844 8.532 Hill (1979)

FeO(OH) Goethite 0.645 3.022 9.065 Schulze (1984)

Synthetic series

Al-goethite Mole% Al Schulze (1984)
Fefy )AL O(OH) (x)

0.005 0.5 0.644 3.021 9.063

0.017 1.7 0.643 3.02 9.060

0.027 2.7 0.642 3.019 9.057

0.042 4.2 0.640 3.016 9.048

0.067 6.7 0.638 3.013 9.039

0.097 9.7 0.634 3.008 9.024

0.113 11.3 0.633 3.005 9.015

0.047 4.7 0.640 3.015 9.045

0.09 9 0.635 3.009 9.027

0.124 12.4 0.631 3.004 9.012

0.157 15.7 0.628 3.000 9.000

0.016 1.6 0.643 3.021 9.063

0.026 2.6 0.642 3.020 9.060

0.035 35 0.641 3.018 9.054

0.314 314 0.610 2.964 8.892

0.249 24.9 0.618 2.978 8.934

0.186 18.6 0.625 2.991 8.973

0.203 20.3 0.623 2.998 8.994

Co-goethite Mole% Co Gerth (1990)
Fefy)Co®>,O(0H) ()

0.0049 0.49 0.645 3.024 9.071

0.0249 2.49 0.643 3.021 9.063

0.451 4,51 0.640 3.018 9.055

0.0455 4.55 0.640 3.021 9.063

0.0487 4.87 0.640 3.016 9.048

0.0825 8.25 0.637 3.013 9.038

0.0971 9.71 0.635 3.010 9.030

Ni-goethite Mole% Ni Gerth (1990)
Fey_oNi*",O(OH) (x)

0.0051 0.51 0.645 3.025 9.074

0.0122 1.22 0.646 3.022 9.067

0.0208 2.08 0.646 3.023 9.069

0.0253 2.53 0.646 3.024 9.073

0.0393 3.93 0.647 3.025 9.074

0.0396 3.96 0.647 3.024 9.073

0.0542 5.42 0.647 3.026 9.077

Cu-goethite Mole% Cu Gerth (1990)
Fet yCu,0(0H) (x)

0.0051 0.51 0.645 3.024 9.071

0.0287 2.87 0.647 3.024 9.072

0.0464 4.64 0.649 3.026 9.079

0.0482 4.82 0.649 3.026 9.077

0.0488 4.88 0.649 3.025 9.075

Zn-goethite Mole% Zn Gerth (1990)
Fety_yZn>",0(0H) (x)

0.0056 0.56 0.646 3.024 9.071

0.0282 2.82 0.648 3.026 9.077

0.0436 4.36 0.650 3.028 9.084

0.0458 4.58 0.650 3.028 9.083

0.0477 4,77 0.650 3.029 9.086

0.0573 5.73 0.651 3.032 9.097

0.0686 6.86 0.652 3.033 9.099

Mole% Cd Gerth (1990)
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Table 2. (Continued.)

Sabine Petit et al.

SF/composition Sample? R Parameter b References Comments
Cd-goethite
Fey_)Cd*",O(OH) (x)
0.0048 0.48 0.646 3.025 9.075
0.0066 0.66 0.647 3.025 9.074
0.0221 2.21 0.652 3.030 9.089
0.0256 2.56 0.653 3.032 9.097
0.0274 2.74 0.653 3.033 9.100
0.0379 3.79 0.657 3.036 9.107
0.0401 4,01 0.657 3.037 9.112
0.0409 4.09 0.657 3.038 9.114
0.0414 4.14 0.658 3.040 9.119
0.044 4.4 0.658 3.040 9.120
0.0442 4.42 0.658 3.039 9.117
0.0454 4.54 0.659 3.040 9.120
0.0506 5.06 0.660 3.042 9.125
0.0743 7.43 0.668 3.050 9.149
Pb-goethite Mole% Pb
Fefy_)Pb*O(OH) (x)
0.0039 0.38 0.645 3.023 9.070
0.008 0.8 0.646 3.022 9.066
0.0154 1.54 0.647 3.021 9.064
0.0163 1.63 0.647 3.024 9.071
0.017 1.7 0.647 3.023 9.068
0.0216 2.16 0.648 3.022 9.066
0.0229 2.29 0.648 3.021 9.064
Ga-goethite Ga/Ga +Fe (%) Martin et al. (1997)
Felr_Ga>",0(OH) (x)
0 0.645 3.022 9.065
0.1 10 0.643 3.021 9.063
0.25 25 0.639 3.015 9.045
0.4 40 0.635 3.008 9.024
1 100 0.620 2.973 8.920
Cr-goethite Cr/Cr+Fe (%) Schwertmann et al. (1989)
Fefy_yCr’*xO(OH) (x)
0 0 0.645 3.025 9.074
0.02 2 0.644 3.023 9.070
0.05 5 0.643 3.022 9.066
0.1 10 0.642 3.019 9.058
Mn**-goethite Mn/Mn + Fe (%) Stiers & Schwertmann (1985)
Fefi_gMn**,O(OH) (x)
0 0 0.645 3.024 9.073
0.05 5 0.640 3.022° 9.065
0.1 10 0.635 3.016° 9.047
0.15 15 0.630 3.008° 9.023
1 groutite 0.548 2.870 8.613 Natural sample
LDHs a b=3a For b=3a, see text
M oM 5 (OH) (g4 [Z Tosc
Natural samples
MggAl,(OH),6[CO3]4H,0 Hydrotalcite 0.670 3.066° 9.199 Brindley & Kikawa (1979)
NigAl,(OH),6[CO3]4H,0 Takovite 0.646 3.025¢ 9.075
MgeCr(OH)16[CO3]4H,0 Stichite 0.695 3.096 9.287¢ Mills et al. (2011)
MgsFe**(OH)s[Cl] lowaite 0.701 3.118 9.355¢ Braithwaite et al. (1994)
MgsFe® (OH)s[COs] Pyroaurite 0.701 3.109 9.328¢ Allman (1968)
Mn,Al(OH)6[S04] Shigaite 0.733 9.512¢ Cooper & Hawthorne (1996)
Fe3*Al(OH)¢[S04] Nikisherite 0.700 9.347¢ Huminicki & Hawthorne (2003)
Zn,Al (OH)6[COs] Zaccagnaite 0.672 3.073 9.218¢ Merlino & Orlandi (2001)
MgsFe® (OH)1,[C0;] Coalingite 0.708 3.120 9.3607 Pastor-Rodriguez & Taylor (1971)
Mg7Aly 14Feds6(OH) 15[S04] Wermlandite 0.690 9.303¢ Rius & Allmann (1984)
Synthetic series
Mgy ALICO3] (x) Mg /AL
0.167 5 0.689 3.081 9.242 Bellotto et al. (1996)
0.33 2 0.659 3.046 9.138
0.20 4 0.683 3.068 9.204 Grégoire et al. (2012)
0.25 3 0.674 3.057 9.171
0.33 2 0.658 3.042 9.126
0.33 2 0.659 3.045 9.136 Costantino et al. (1998)
0.33 2 0.658 3.042 9.127 Radha et al. (2007)
Ni;_,AL[COs] (x) Brindley & Kikawa (1979)
0.35 S1 0.655 3.045°¢ 9.136
0.30 S2 0.664 3.050¢ 9.150
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SF/composition Sample? R Parameter b References Comments
0.27 S3 0.670 3.063¢ 9.189
0.23 S4 0.677 3.074° 9.223
0.35 Gastl 0.655 3.040¢ 9.121
0.20 Gast2 0.683 3.079¢ 9.237
Ni;_,AL[CO05] (x) Sample name Brindley & Kikawa (1979)
0.28 S11 0.646 3.023° 9.069
0.27 S12 0.648 3.027¢ 9.081
0.22 S13 0.657 3.044¢ 9.133
0.19 S14 0.660 3.051°¢ 9.153
0.17 S15 0.663 3.052¢ 9.157
Ni2+/Al3+
0.09 10 0.676 3.074 9.222 Grégoire et al. (2012)
0.14 6 0.668 3.063 9.189
0.20 4 0.659 3.052 9.156
0.25 3 0.651 3.043 9.129
0.33 2 0.638 3.026 9.078
0.33 2 0.639 3.027 9.081 d’Espinose de la Caillerie (1995)
0.28 2.5 0.647 3.035 9.105
0.25 3 0.651 3.041 9.123
0.25 3 0.651 3.034 9.101 Radha et al. (2007)
Ni;_Fe3*,[C05] (x) Ni%*/Fe3* Grégoire et al. (2012)
0.09 10 0.686 3.09 9.27
0.14 6 0.684 3.09 9.27
0.2 4 0.681 3.087 9.261
0.25 3 0.679 3.086 9.258
0.333 2 0.675 3.084 9.252
Mgy Fe**,[CO5] (x) Mg?*/Fe®* Grégoire et al. (2012)
0.20 4 0.705 3.113 9.339
0.25 3 0.701 3.109 9.327
0.33 2 0.695 3.107 9.321
0.22 35 0.703 3.108 9.323 Manohara et al. (2011)
0.29 2.4 0.698 3.100 9.300
0.31 2.2 0.697 3.100 9.300
Co?,ALICOs] (X) Co%" /Al
0.25 3 0.693 3.08 9.24 Grégoire et al. (2012)
0.33 2 0.675 3.07 9.21
0.33 2 0.675 3.07 9.20 Radha et al. (2007)
Co?',Fe®*,[C05] (x) Co?*/Fe*"
0.25 3 0.720 3.13 9.39 Grégoire et al. (2012)
0.33 2 0.712 3.13 9.39
M3*,Ga®,[C05] (M, X) M*/Ga®*
Ni, 0.33 2 0.667 3.071 9.214 Manohara & Vishnu Kamath (2010)
Co, 0.33 2 0.704 3.110 9.331
Mg, 0.25 3 0.695 3.087 9.260
Mg, 0.167 5 0.703 3.106 9.318 Bellotto et al. (1996)
Mg, 0.33 2 0.687 3.087 9.261
n AP IZ] (x, Z) Zn* /A"
0.35, CO3 1.86 0.668 3.076 9.227 Lombardo et al. (2005)
0.35, ClI” 1.86 0.668 3.075 9.225
0.33, ClI” 2 0.672 3.091 9.273 Ennadi et al. (2000)
0.32, SO%’ 2.1 0.674 3.080 9.240 Radha et al. (2011)
0.34, 103 1.92 0.670 3.072 9.216
M3terhIcl (M, x) M jcr*
0.34, Zn 1.97 0.698 3.106 9.317 Roussel et al. (2000)
0.31, Cu 2.25 0.695 3.111 9.333
Co™",Cu®* AP*,[CO3] (x, y, 2) M M3
0.66, 0.09, 0.25 291 0.691 3.076 9.228 Sankaranarayanan et al. (2015)
0.50, 0.25, 0.25 3.01 0.689 3.076 9.228
0.34, 0.42, 0.24 3.21 0.688 3.080 9.240
0.23, 0.53, 0.24 3.14 0.687 3.082 9.246
0.07, 0.70, 0.23 3.39 0.686 3.082 9.246
0.77, 0, 0.23 3.45 0.697 3.085 9.255
Mg>*,Co™ Al Fe**,[CO5] (w, x, y, 2) Nestroinaya et al. (2017)
0.59, 0.1, 10.26, 0.04 2.36 0.672 3.06 9.18
0.50, 0.23, 0.21, 0.07 2.60 0.682 3.07 9.21

a, b and c are crystallographic parameters (A).

R=mean ionic radius of octahedral cations (A; see text for details).
“Sample reference in the paper.

bUsing r(Mn**)=0.548 A (see text).

“Extracted from Fig. 5.

9Single-crystal XRD measurement.
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Figure 3. Evolution of the equivalent b parameter 2 950 ___‘-5 g
(in A) with the mean ionic radius of octahedral cations = A 'g_
R (in A) for hydroxide families (Table 2). (a) M™(OH), ' 900 { w870 4
hydroxides: square=natural gibbsite; triangles=M** e -
-hydroxide synthetic series. (b) MO(OH) oxyhydroxides, 8.50 T T T T T 850 +2 T T T T
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and synthetic samples, respectively: black = diaspore; R {.5.}
red = goethite; green =groutite; dark blue =GaO(OH);
i =Ga- i ies: =Co3*-, Ni**- c) 9.60 — d) 11.50
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regressions calculated from the model between the 9.00 ... . " " . . 8.00 ; . ‘ . ‘
octahedral sheet dimension and R (see text for 062 0.64 066 0.68 070 072 0.74 076 050 060 070 080 090 100 1.10
details): blue dotted line=M""(OH),; green dotted ¥
line = MO(OH); red dotted line = LDHs. R(A)

octahedrally coordinated positions between alternating pairs of
anion planes. The b used here is given by b=6(M-0)sin(t/2),
with the (M-O) distance being the sum of the effective ionic radii
for cations (M) in six-fold coordination and oxygen ions (O) in
four-fold coordination (r("VO®>7)=1.38 A; Table 1; Brindley &
Kao, 1984). Using the mean ijonic radius of octahedral cations R,
this relation can be easily rewritten as b= 6(R + 1.38)sin(1/2).

Following a structurally based interpretation, a relation b= AR + C
can be obtained for each family of hydroxides studied here using
a simple model with A = 6sin(t /2) and C=A1.38 (in A). The A
(and thus 1 and C) were determined by fitting with the experi-
mental regressions (Fig. 3d).

For M"*(OH),, hydroxides, A and C are 4.51 and 6.22, respectively
(Fig. 3d), close to the experimental values derived from the correl-
ation line shown in Fig. 3a (4.49 and 6.25, respectively). The corre-
sponding t=97.3° agrees well with the literature (see above). The
corresponding % O enlargement (or octahedral flattening) is ~6.3%.

The proposed model for M"*(OH),, hydroxides is also suitable
for MO(OH) and LDH, as seen in Fig. 3d, where the A values are
very close for MO(OH) and LDHs, at 4.47 and 4.48, respectively.
The octahedra are slightly less flattened in MO(OH) and LDHs
compared to M"*(OH), hydroxides, with 1=96.3° (~5.4% octa-
hedral enlargement) for MO(OH) and 1= 96.6° (5.6% octahedral
enlargement) for LDHs.

The structurally based model of the hexagonally close-packed
arrangement of anions with M"" ions in octahedrally coordinated
positions shows very good efficiency in reconciling structural and
chemical data for all families of studied hydroxides as well as for
both di- and trioctahedral minerals (Fig. 3d), and the relation
between the equivalent b and the mean ionic radius of octahedral
cations R for each mineral allows us to measure the flattening of
octahedra, which is similar for all of the families and does not
vary significantly within each family.

TO phyllosilicates

TO phyllosilicates are composed of the superimposition of a T
sheet of a pseudo-hexagonal ring of (SiO.)* units on an O sheet
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of edge-sharing octahedra leading to an electrostatically neutral
layer (Fig. 1a). The general SF is (Si,R>"})2(R*" R** ;[1.);05(OH),
with R being mainly Al and Fe>*, R** being mainly Mg (but this
could other divalent cations, such as Ni and Fe**) and [] being a
vacant site. Anions other than OH", such as F~ or CI’, are rarely
reported as occurring and will not be discussed here. Kaolins
and serpentines constitute the dioctahedral and trioctahedral
families, respectively. Kaolin group minerals include kaolinite,
dickite, nacrite and halloysite and have a general composition
of Al,Si,Os(OH), (+ nH,O for halloysite), with similar b values
(Giese, 1991) and very few substitutions. Consequently, only
kaolinite was considered in the following as a representative of
the whole kaolin group.

Contrary to kaolins representing Al end members with no
tetrahedral substitutions and a very simple chemical composition,
serpentines display a wide range of chemical compositions, lead-
ing to many end members depending on the extent of the tetra-
hedral substitutions and the nature of the dominant octahedral
cations. For instance, lizardite (Mg) and nepouite (Ni; a ~ 2
and d = 3), berthierine (b &~ 0.5, ¢ % 0.5 and d ~ 2.5), brindleyite
(b= 05,c~1,d~ 1.75 and e = 0.25) and amesite (Al-Mg) and
cronstedtite (Fe>*, Fe’"; b~ 1,c~ 1 and d ~ 2) represent different
minerals of these serpentine families (Wiewiora, 1990). Three
structural groups of serpentines based on particle shape are also
distinguished: flat layers as for lizardite (Fig. 4a), cylindrical layers
as for chrysotile (Fig. 4b) and corrugated layers as for antigorite
(Fig. 4c; e.g. Wicks & Whittaker, 1975), and many morphologies
have been reported (e.g. Andreani et al., 2008).

~

Kaolinite and lizardite

Kaolinite and lizardite are the Al-dioctahedral and
Mg-trioctahedral end members, respectively, for TO phyllosili-
cates having the general SF of Si,(R** .R**;,)O5(OH),. For the kao-
linite dioctahedral end member, ¢ and d are 2 and 0, respectively,
and R*' is Al, while for the lizardite trioctahedral end member,
c and d are 0 and 3, respectively, and R** is Mg. No or limited
octahedral substitutions (mainly Fe’* for AI**) occur in natural
kaolinite. Using the synthesis method, the Fe’* substitution
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amount can be increased slightly and other octahedral cations can
be introduced into the structure (Table 3). Among the large set of
published data available for pure natural Al end member kaoli-
nite, the Keokuk kaolinite studied using Rietveld refinement
(Bish &Von Dreele, 1989) was selected as representative for this
study. According to the general SF above, lizardite sensu stricto
does not have tetrahedral substitutions. Consequently, in this
study, lizardite with >0.1 VAl was considered in the
Al-serpentine series rather than in the lizardite series.

As shown in Fig. 5a, the b vs R plots for all TO samples display
a relatively scattered pattern. Two different regressions (i.e. the
kaolinite-lizardite (K-L) and greenalite-caryopilite (G-C) lines)
can be distinguished, however, with a wide cloud of dots at
their intersection (Fig. 5a).

Natural kaolinite, the synthetic Al-Fe’* kaolinite series and the
synthetic Ni-Mg lizardite series appear quasi-aligned ((K-L) line
in Fig. 5a,b). The (K-L) line was first calculated with the synthetic
series of Fe*"-kaolinites (Petit et al., 1990; Iriarte et al., 2005)
and Ni-Mg lizardites (Baron et al, 2016b; Fig. 5a,b). Including
natural kaolinite in these two synthetic series increases the
correlation coefficient slightly (0.9987 instead of 0.9985) without
modifying the regression significantly (b=1.5092R + 8.1371
instead of b=1.5097R +8.1368). The K-L regression including
the natural kaolinite was kept in the following analyses. Because
aluminium is the octahedral cation with the smallest ionic radius
(0.535 A; Table 1), the b of the pure Al end member exhibits the
smallest value observed for TO phyllosilicates when forming a TO
clay structure. Accordingly, the natural Keokuk pure kaolinite is
located at the origin of the regression line with an R value of
0.535 A and a b value of 8.945 A according to Bish & Von Dreele
(1989). Few b values for synthetic Fe’*- and Ga®"-substituted kao-
linites of Bentabol et al. (2009) are lower than 8.945 A (Fig. 5b &
Table 3), suggesting an underestimation of these b values. The
data for the kaolinite synthesized with the greatest Cr’* content
also deviate slightly from the correlation lines (Fig. 5b). Except
for the samples described in Bentabol et al. (2009), the dataset
for other synthetic diversely substituted kaolinites is located on
or close to the regression line (Fig. 5b).

Up to ~0.1 octahedral Fe** per formula unit (pfu) is observed
in natural kaolinites, whereas up to 0.6 substituted Fe** pfu can
be measured in synthetic kaolinites (Table 3). For the theoretical
Fe’*-kaolinite end member (Si,Fe;*Os(OH),), b extrapolated
using the experimental data from Iriarte et al. (2005) is located
close to the K-L regression line, supporting the suitability of the
dataset for a wide range of compositions (Fig. 5b). Moreover, as
concluded previously by some authors (Petit et al, 1988; Petit
& Decarreau, 1990; Iriarte et al., 2005), the Al-Fe’" kaolinite syn-
thetic series behaves like a solid solution within the compositional
range explored, and no evidence exists to date to suggest that the
maximum value obtained experimentally (0.6 pfu) corresponds to
a steric limit of Fe’" substitution in kaolinite.

In contrast to kaolinite, various end members of lizardite are
encountered, and Mg cations are commonly replaced at least
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Figure 4. Schematic representation of various struc-
tures of TO serpentines based on crystal morphology:
(a) flat morphology, (b) curved morphology and (c)
wavy corrugated morphology.

partially by other divalent cations (Table 3). As shown in
Fig. 5b, the synthetic Mg-Ni lizardites are well aligned on the
(K-L) line, The Co-lizardite does not fit the regression well.
The two different b values were measured in the same sample,
as Bayliss (1981) calculated a significantly greater b than that
measured by Dalmon & Martin (1968; Fig. 5b). The deviation
from the (K-L) regression line and the b fluctuations probably
suggest there being a problem with these data. In a review of ser-
pentine group minerals, Bayliss et al. (1980) observed some sig-
nificant fluctuations in reported b values with apparently the
same chemistry, suggesting different methods had been employed
to measure this parameter or inaccuracies had occurred during
these measurements. Fluctuations are noticed for synthetic Mg
end members, with b ranging from 9.204 to 9.241 A (Table 3).
Fluctuations are also observed for natural lizardites whose
single-crystal XRD refinement of two different crystals from a
same sample with an assumed homogeneous chemical compos-
ition resulted in two different b values, as illustrated by the
Gew-graze lizardite-1T (Mellini et al, 2010) and the Monte
Fico lizardite-1T (Mellini & Viti, 1994; Table 3). More consistent
with the results observed here, Mellini & Zanazzi (1987) mea-
sured a slight variation in b coupled with a slight variation in
the chemical composition between two polytypes of the Coli lizar-
dite sampled within the same vein (Table 3). These examples
illustrate how the established correlation lines can help us to iden-
tify whether deviation originated from structural features or diffi-
culties in accurately measuring b.

Lizardite, chrysotile and antigorite are three polymorphs with
flat, curved and corrugated wavy layer structures, respectively.
Antigorite corresponds to a polysomatic series, with regularly
inversed T sheets in polysomes (Fig. 4). A more correct general for-
mula for antigorite would then be (Mg)s,,_3Si2,Os,,(OH) 46
where m represents the number of tetrahedra within a full wave-
length, and m =17 has been proposed as the most common
value (Capitani & Mellini, 2004). The dataset does not allow for
the identification of possible differences between the polymorphs.
As far as synthetic Mg- and Ni-lizardites (Baron et al, 2016b)
and chrysotiles (Jasmund ef al., 1976) are concerned, b values mea-
sured for chrysotiles appear slightly lower than those measured for
lizardites (Table 3). Because the two sets of samples were measured
using various techniques, we cannot conclude with certainty that b
values for chrysotiles are lower than for lizardites.

Al- and Fe**-serpentines

Al-  and  Fe’'-serpentines whose general SFs are
(SiZ—xAlx)(Mg3—xAlx)OS(OH)4 and (Sil—xFe3+x)(Fe3+xFe§tx)OS(OH)4s
respectively, most often exhibit great tetrahedral substitution
contents (up to 1 Al or Fe>* per Os(OH),) to neutralize the
positive octahedral layer charge generated by the heterovalent
octahedral substitutions of divalent cations (mainly Mg and Fe*")
by trivalent cations (mainly Fe’* and Al). The dataset for Al- and
Fe’*-serpentines are scattered significantly (Fig. 5a), and this
scattering is more pronounced for natural samples than for
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Table 3. Data used for TO phyllosilicates.
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TO structure Sample? R b References Comments
Natural kaolinite
Si,AlLO5(OH), Keokuk (IA, USA) 0.535 8.945  Bish & Von Dreele (1989)
Synthetic kaolinites
Fe**-kaolinite series Si(Al,_,Fe>",)0s(OH), Petit (1990)
(octahedral composition)
Aly o3Fed.07 a=01 0539 8.952
Al gsFep a=02 0.542 8.959
Aly asFepss a=03 0.543 8.966
Al gsFedt, KAF28 0.553 8.960 lIriarte et al. (2005)
All,ngeSﬁu KAF42 0.558 8.976
Aly aoFed’s; KAF54 0.563 8.984
Fe3* Theoretical end 0.645 9.094
member
R3*-kaolinite series Siy(Al_,R>*,)0s(OH), Bentabol et al. (2009)
(octahedral composition)
Al 96F€0.04 Fe K100 0.537 8928
Aly s5Gag o5 Ga K100 0.537 8.934
Al goFe0.01Cro.11 Cr K100 (1) 0.539 8.946
Al 47F€0.01Cro 52 Cr K100 (2) 0.556 9.030
Ga*"-kaolinite
Sia(Al1.76Gap.24) Os(OH)4 0.545 897  Martin et al. (1998)
Lizardite (anhydrous composition)
(Si1.04Alo.06) (Mg5.53Fed 57Alo.00) Coli 1T 0.716 9.223  Mellini & Zanazzi (1987)
(Si1.03Alo.07) (Mg g3Fed 05Alo.1) Coli 2H1 0.715 9.211
(Si; 03Al0.07) (M85 7aF€316Al0.00) Monte Fico 1T Mellini & Viti (1994)
g
MFN3-1 0.718 9.232
MFN3-6 9.246
(Si1.906Al0.004) (Mg2.957F€5,004MNo.005Al0.004) Gew-graze 1T Mellini et al. (2010)
KG-2 0.720 9.163
KG-3 9.199
Six(Mgs.g7Nio.0sFed 3Alo.02) Valojoro, Madagascar 0.717 9.180  Brindley & Wan (1975)
Synthetic lizardite series Si;(Mgs_, Ni,)Os(OH),4 Baron et al. (2016a)
(octahedral composition)
Mgs x=0 0.720 9.226
Mg5 sNig s x=0.5 0.715 9.218
MgzNiy x=1 0.710 9.209
Mgl_sNil_s x=15 0.705 9.199
MgiNiy x=2 0.700 9.191
MgosNiz s x=2.5 0.695 9.185
Nis x=3 0.690 9.181
Synthetic co-lizardite
Si,Co305(0H),4 Co-antigorite 0.745 9.220  Dalmon & Martin (1968) Same sample
C05Si,05(0H), 9.350  Bayliss (1981) b recalculated from the
same XRD pattern
Synthetic chrysotile series Si>(R**);05(0H), Jasmund et al. (1976)
(octahedral composition)
Mgs Mg-chrysotile 0.720 9.216
Nis Ni-chrysotile 0.690 9.162
Cos Co-chrysotile 0.745 9.240
Mgs Mg-chrysotile 0.720 9.241  Falini et al. (2004)
Antigorite (anhydrous composition)
(Siy.06Alo.01)(Mg2.67F€31Al0.04) Val Malenco, Italy 0.719 9.251  Capitani & Mellini (2004)
(Siy.g7Alo.13) (Mg, s7Fed 05 Fedls6Alo.01) Natural n°9 0.719 9.350 Tomisaka & Kato (1963)
Siz.008(Mg2.58F€5 208 Fe3.06Al0 138) Natural n°14 0.714 9.350
(Si1.00Alo.01) (Mg, 57Fed 54 Fedt1Al 00) Natural n°17 0.717 9.350
Siz.00(Mg2.55F€d %5 Fedr2Alo 03) Natural n°18 0.720 9.350
(Si1.04Al.06) (Mg, ssFedior FedtsAlo.o1) Natural n°7 0.712 9.220
(Siy.05Alg 01Fed 04) (Mg2.s7F€5 01 FEd 06) Antigorite n°1 0.719 9.219  Brindley & Von Knorring (1953)
Six(Mgs72Alo 01 Feds) Antigorite n°2 0.716 9.219
Al-serpentine (anhydrous composition)
Berthierine
(Siy.32Alo 65) (Mgo.23Fe2 5o Fed 01Alo.83) Chamosite 0.705 9.360  Brindley & Youell (1953) Named chamosite at this
time
(Si1 20Alo.71) (Mgo.17Fed 51 Fed 02Alo.90)° N°874 0.700 9.312°
(Siy 22Alo 76) (Mgo 17Fe3 hoFed 61Alg o3)” Wabana 0.697 9.348°
(Si1.46Alo.54) (Mgo 4FeT72Fed Al 45)” Frodingham 0.720 9.342°
(Siy.53Alo.47) (Mgo.35F €3 kaFed HoAlo 52)° Schmiedefeld 0.714 9.336°
(Sil,nglwl)(MgMGFef'BTiO‘WAlO.u) Ti-berthierine 0.703 9.252  Arima et al. (1985)
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TO structure Sample? R b References Comments
Amesite
(Si1.052Al0.048) (Mg1.15Fed 56Alo.00MNo 0) Amesite Lake 0.679 9.294  Taner & Laurent (1984)
Asbestos
(Si1.01Alo.00) (Mg1.63F€3 53Al0.099) Amesite Chester 0.664 9.186
(Si1.027Alo.973) (Mg1.04F€2103Cro.07Al0.04) Amesite 0.660 9.195 Anderson & Bailey (1981)
(Si1.075Al0.925) (Mg1.oFe? 525N io.01Alo.575Cr0.145) Amesite 0.660 9.212° Wiewiora et al. (1991)
Others
(Si1g3Alo.17) (Mg2.7eF €3 0aFed 1Al0 07) Lizardite Val Sissone  0.714 9.235° Mellini (1982)
(Si1.81Alg.10) (ME5.caFed nsFed13Alo 03) Thompson Lake 0.719 9.239  Olsen (1961)
(Si1.48Alo.52) (Mg2.07F €3 67Alo.72) Al-serpentine 0.675 9.171  Jahanbagloo & Zoltai (1968)
(Siy.67Alo 33) (Mgo 27Fed 16Ni1 36Al0.92) Brindleyite 0.623 9.133  Maksimovic & Bish (1978)
(Si17eAlg21)(Mgo 77Fed5sFed 75l 56 Mg 15) Odinite 0.660 9.334  Bailey (1988) Purest sample - mixture
9.326 of 1T and 1M polytypes
(Sio.osAl1.02) (ME0245MNy g25Fed.00Alo 84) Kellyite 0.733 9.420  Peacor et al. (1974)
Fe**-serpentine (anhydrous composition)
Pecoraite
(Siy gsFed’1s) (Mgo 0sNi.03) Sterling Mine, USA 0.691 9.180 Robinson & Chamberlain (1984)
Cronstedtite
(Siy.51Fedio) (Fel saFed oMo 71MNg 16) Pribram, Czech 0.747 9.467° Geiger et al. (1983)
Republic
(Siy poFedt o) (Fe2hFedtAly o0) Herja, Romania 0.743 9.547° Hybler et al. (2000) Triangular tabular crystal
(Siy 3aFed’e) (FeFedsaAlo o) Lostwithiel, UK 0.749 9.532° Conical crystal
Pohled, Czech Republic Hybiler et al. (2016)
(511,249Fe§:751)(FegusFeg}ss) 2H; (+2H,) 0.746; 9.5169’:
(Siy 271Fep.720) (Fe3 271Fep 720) 67, 0.747" 9.516%
(Siy208Fed772) (Fe3 2o0F €3 772) 3T+1M 0.745 9.514°
Pohled, Czech Republic Hybler (2016)
(Siy.s75Fedags)(Fe5 515Fed ags) 67, 0.758 9.522°
Nizna Slana, Slovakia Hybler et al. (2017)
(Siy.182F €3 318) (FE519:F €3 516) 3T 0.743" 9.521%
(Siy.107F€3 303) (F€5 197F€5 803) 3T+1M 0.744" 9.527%f
(Si1.206F€3 704) (FE3206F €3 704) 2H, 0.744" 9.532°
Chynava, Czech Republic Hybler & Sejkora (2017)
(5i1.zosFe§,+794)(FQ?JMFGEJ}%M%OJS@)) 2H, 0-741; 9-5279‘:
(5i1.1ssFe(3>;815)(Fe§f3oFegflsMgo.1ss) 2H, (+2H,) 0~740f 95229‘[
(SI1.236Feg,+764)(Fe%f34Fel3).764MgOA202) 3T 0-742f 9.518E’f
(Si1.371Fe(3>.629)(Fe%.msFeg.smMgo.zn) 1T+3T 0.747f 9.513e’f
- + + +
(Siy.387F€0.613) (Fe2.151F€5.613MEo.236) 17 0.748" 9.521*
) . S Nagybdrzsony, Hungary , , Hybler et al. (2020)
(Siz.10Fe€0.81)(Fe2.10F€5.50ME0.002) 0.746" 9.547%
LitoSice, Czech Republic Hybler et al. (2021)
(Siy2oFed 78) (Fed soFed 7sMBo.02MNo 1) 17 0.751" 9.572%
(Six.2aF€d76) (Fet s6Fed 76Mgo.31MNo o66) 2Hy +2H, 0.741 9.540°
Guidottite Republic of South Wahle et al. (2010)
Africa
(MnLasFe? 0A61MgoAs4)(5i1A35Fe§fe4) 0.773 9.608
(Mny 70Fe™ 0.96Mgo0.24)(Si1.26F€0.74) 0.760 9.608
Synthetic serpentine series
(Sio—x Al ,)(Mg3_,Al,)O5(OH),4
(Siz)(Mgs) 241M 0.720 9.204  Chernosky (1975)
(Si1.95Al0.05) (Mg2.95Al0.05) 75G 0.717 9.222
(Si1.025Al0.075) (ME2.925Al0.075) 73G 0.715 9.204
(Si1.0Alg.1)(Mgy.0Alo 1) 72G 87G 0.714 9.219
(Si1.g75Alo.125) (Mg2.875Al0.125) 706G 0.712  9.207
(si1.625A10.375)(MgZ.GZSAl0,37S) 349M 0.697 9.210
(Si1.625Al0.375) (ME2.625Al0.375) 368M 0.697 9.204
(Siy 5Alo.5)(Mg2.5Alo.5) 366M 0.689 9.210
(Si1.5Alo.5) (Mg, 5Aly 5) 391M 0.689 9.200
(Si1.25Al0.75) (Mg2.25Al0.75) 390M 0.674 9.175
(SizAlL) (Mg2AL) 367M 0.658 9.148
(Siz625Al 0.375)(ME2.625Al0.375) One-layer 0.697 9.245  Gillery (1959)
ortho-serpentine
(Si1.25Alo.75) (Mg2.25Alo.75) Six-layer 0.674 9.193
ortho-serpentine
(Si1_75Al0_25)2(MgUSAlO_ZS) Lizardite 0.705 9.229  Caruso & Chernosky (1979)
(Sip-AL)(R*" AL,)O5(OH)4
(Siy.78Al 0.22)(Niy.62Fed05Alo.06) Al-Ni lizardite 0.633 9.162  Bentabol & Ruiz Cruz (2013)
(Si.g1Al .10)(CO1 73F€d 05Al 85) Al-Co lizardite 0.673 9.234
Siz.02(C01.58F€d 04 Alp go) Al-Co lizardite 0.669 9.155

Synthetic serpentine (anhydrous composition)

https://doi.org/10.1180/cIm.2023.20 Published online by Cambridge University Press

(Continued)


https://doi.org/10.1180/clm.2023.20

154 Sabine Petit et al.

Table 3. (Continued.)

TO structure Sample? R b References Comments

(Si174Alo.26) (ME5.00 Fedn2Alg.73) Al-Mg lizardite 0.670 9.203  Bentabol et al. (2010)

Fe-Mn serpentines (anhydrous composition) Corrugated structures

Siy(Fe?); Synthetic greenalite  0.780 9.624  Jasmund et al. (1976)

Siy(Fe3hsFed's) Greenalite 0.755 9.612  Steadman & Youell (1958)

(Siys1Fed o) (Fe2sFeduoMgo 711MNg 16) Greenalite 0.747 9.467  Geiger et al. (1983)

(Si1.05Al0.05) (ME0.15F€T71MNg 40Alg 27F€3 15) Greenalite 0.753 9.63 Bayliss (1981)

(Siy.77Alg 23) (Mg1 47Fed 2aMng gAlo sFed 0370 27) Baumite 0.739 96 SF from Frondel & Ito (1975), b from
Guggenheim & Bailey (1989)

Six(Mgo 3sFed bsMNn, 47Alg 13) Mn-serpentine? 0.804 9.804 Yoshimura et al. (1963)

Six(Mgo 20Fed',6MN 1 53ZN0.11) Mn-serpentine? 0.809 9.834  Kato (1963)

Sio(Mgo 4Fed6Mny.17) Mn-serpentine? 0.797 9.804 Kato (1963)

Siz(Mgo‘sFeéfyMnue) Mn-serpentine? 0.800 9.708  Kato (1963)

Six(Mgo 34Fed sMN; 76Alg 07) Mn-serpentine? 0.802 9.852  Kato (1963)

b is a crystallographic parameter (A).

R=mean ionic radius of octahedral cations (A; see text for details).
“Sample reference in the paper.

bBrindley (1982).

“Brindley et al. (1951).

dCalculated from chemical analyses in Brindley et al. (1951).
€Crystal structure refinement.

"Average value.

9ICaryopilite.

synthetic Al-serpentines, which lie close to the (K-L) regression
line (Fig. 5b). The natural Al- and Fe**-serpentines exhibit a
wide range of tetrahedral substitutions and several polytypes,
but no specific trend can be observed between these two charac-
teristics and b (Fig. 5¢).

Greenalite and caryopilite

Greenalite and caryopilite are, respectively, Fe*"- and Mn-rich TO
phyllosilicates with corrugated structures and with the following
general SF: Si,(M)5-305(OH),, with M =Fe, Mn, Mg and Al
as the main octahedral cations. Partial oxidation of octahedral
Fe and Mn often occurs, and some octahedral sites may be vacant.
The regression parameters for the (G-C) line (Fig. 5a) and the
structural interpretation are discussed in detail below. The slope
of the (G-C) regression line is ~4.5 times greater than that of
the (K-L) line. Jasmund et al. (1976) reported that the greenalite
synthesized with the Fe’* end member was structurally
non-equivalent to the Ni-, Mg- and Co-lizardites. The observed

scattering of samples around the (G-C) line (Fig. 5a) can be ten-
tatively assigned to uncertainties in the data and/or to the various
modulated local substructures. Greenalite and caryopilite exhibit
domed island-like structures due to tilting of the tetrahedra
with periodic inversions of three- and four-fold rings
(Guggenheim & Eggleton, 1998). This structural adjustment is a
way to enlarge the T sheet dimensions to allow congruence
with the large O sheet dimensions due to the occurrence of sig-
nificant amounts of octahedral cations with large ionic radii,
such as Mn?* and Fe*" (Table 1).

Influence of tetrahedral composition

Whereas no relation can be observed between tetrahedral content
and b as shown above (Fig. 5¢), it is clear, however, from a simple
comparison between, for example, Mn-rich serpentines (i.e.
kellyite; "VAl-serpentine, guidottite (" Fe**-serpentine) and caryo-
pilite (negligible tetrahedral substitution and corrugated struc-
ture), that the tetrahedral composition plays a role in the

(a) 10,00 — (b) 9.70 e (c) 980
(G-C): b=6.8545.R + 4.3037 &
9.80 + N B 9.50 4 AlVg 39{AIM 54C0y 73Fe*g 5) (K-L)
e AM 16l AM ;Mg Fe?*y o) 960 1

960 1 kellyite 22 | .

= . — 930 %

v odinite et . o, W b

= 9.40 - ; = i ¥ -

« < 449 4 Cr-kaolinite Al Co-lizardite
9.20 4 ! “ (same sample)
9.00 4 8.90 4 ‘.’ AlNo(AIM 45C0y sgFe™0)

(K-L): b=1.5092.R + 8.1371
B.80 T T T T T T 8.70

Aiwﬂ.?}‘ RIUIU.![»N" 162 Fe ;.U.\'ls}

050 055 060 065 070 075 0.80 0.85

050 055 060 065 070 075 080 0.85

0.60 0.65 0.70 0.75 0.80

R(A)

Figure 5. b vs mean ionic radius of octahedral cations R for TO phyllosilicates (Table 3). (a) Circles represent natural samples and triangles represent synthetic
samples: dark blue=kaolinite; yellow = lizardite; black =antigorite; light green=Al-serpentine, with black border=brindleyite, open circle = kellyite; red =
Fe**-serpentine, full circles = cronstedtite, with black border = pecoraite, open circles = guidottite; dark green = greenalite; brown = caryopilite; violet = R**-chrysotile
series; pink = Co-lizardite. (K-L) and (G-C) correspond to kaolinite-lizardite and greenalite-caryopilite regression lines, respectively. (b) Focus on the synthetic kao-
linite-lizardite series: dark blue triangles = Fe”-kaolinite series, open triangle = theoretical end member; light blue triangle = Ga**-substituted kaolinite; red trian-
gles = R**-kaolinite series; yellow triangles = Ni-Mg lizardite series; pink triangles = Co-lizardite; open violet triangles = R**-chrysotile; light green triangles = Mg-Al
serpentine series (Chernosky, 1975), open light green triangles = other Mg-Al serpentines; brown triangles = R?*-Al serpentine series; green triangle = greenalite.
(c) Focus on natural Al-serpentines (circles) and Fe**-serpentines (triangles). Polytype (partly) and tetrahedral Al or Fe** pfu are indicated: light blue circles = ame-
site; orange circles = berthierine, orange open circle = Ti-berthierine; green open circle = brindleyite; pink circles = odinite; dark blue circle = kellyite; green circles =
other; red triangles = cronstedtite (2H,, 2H,, 3T, 1T, 6T, and 3T + 1M polytypes); blue triangle = pecoraite; green triangles = guidottite.
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dimensional misfit between T and O sheets. All of these Mn-rich
serpentines have great R (from ~0.73 to ~0.80 A) and b values
(from ~9.4 to ~9.8 A) due to their great Mn content. The tetra-
hedral substitutions in kellyite and guidottite allow the lateral
dimension of the T sheet to increase, making the fit between T
and O sheets possible without corrugation of the layer.

The b/by, values were calculated for all TO phyllosilicates and
plotted as a function of R (Fig. 6a). Three general trends are
observed. The (K-L)* correlation line (Fig. 6a) corresponds to
the (K-L) line (Fig. 5a), and the regression was calculated using
the same data. These samples have no tetrahedral substitutions
and thus the correction with the b, value does not influence
the data alignment (Fig. 6a). Note that the synthetic R**-Al ser-
pentine samples (Bentabol & Ruiz Cruz, 2013) that were above
the (K-L) line (Fig. 5a,b) are now closer to the (K-L)' line
(Fig. 6a). The odinite data deviate systematically from the trend
(Figs 5a & 6a), and possible impurities and redox variation
make their SF unsure. Compared to the b vs R plot (Fig. 5a),
the cloud of dots associated with the Al-serpentine disappeared
in Fig. 6a. Less predictable is that the corrugated Fe**-Mn ser-
pentines approximately follow the same high-slope (G-C)’ line
as most of the Al-serpentines (Fig. 6a). For this (G-C)’ line,
the regression was calculated using antigorites, greenalites, caryo-
pilites and Al-serpentines that are on (or close to) the (G-C)’ line.
Furthermore, the Fe’*-serpentines, except the pecoraite sample,
which lies on the (G-C)’ line, follow fairly well the different linear
trend of (Fe3+—Serp)’ with the same slope as the (G-C)’ line
(Fig. 6a).

155

For Al- and Fe®"-serpentines, a general relationship of b vs R,
introducing the tetrahedral composition, can be formulated from
each (K-L), (G-C) and (Fe3+—Serp)’ regression line (Fig. 6a)
according to Equation 7:

b=R@T+c¢)+dT +e 7)

with T being the number of VAl or "VFe®* pfu.
For Al-serpentines following the (K-L)’ line (Fig. 6a):

b = R(0.061T + 1.509) + 0.327T + 8.137

For Al-serpentines (and Fe**-serpentine; i.e. pecoraite) follow-
ing the (G-C)’ line (Fig. 6a):

b= R(0.275T + 6.854) + 0.173T + 4.302
For Fe**-serpentines following the (Fe’*-Serp)’ line (Fig. 6a):
b = R(0.470T + 6.854) + 0.27T + 3.932

The intersect coordinates for the two (K-L)’ and (G-C)’ lines are
R=0.717 and b=9.220 A, approximately corresponding to the
Mg-lizardite end member. The corresponding b/b. value is
1.007, thus indicating a tetrahedral rotation angle o close to 0°.
Accordingly, theoretical modelling using the distance least-
squares method indicates that the O and T sheets fit together
without any major distortions in the Mg-lizardite structure
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Figure 6. (a) b/byet. ratio vs mean ionic radius of octahedral cations R for TO phyllosilicates (Table 3), with the same symbols and colours as in Fig. 5a. (K-L)’ and (G-
C)’ correspond to kaolinite-lizardite and greenalite- caryopilite regression lines, respectively. (b) Evolution of the percentage of octahedral enlargement compared
to hydroxides (Equation 6; see text for details) vs R: blue squares = kaolinites and lizardites; green squares = natural Al-serpentines; green triangles = synthetic
Al-serpentines (focus on the Chernosky’s (1975) series); red squares = Fe**-serpentines; black squares = antigorite; brown squares = caryopilites and greenalites;
blue dotted line =regression for the kaolinite-lizardite series. (c) Evolution of the percentage of octahedral enlargement vs by for Al- and Fe®-
serpentines, with the same symbols and colours as in Fig. 5c for natural samples, except light green crosses = synthetic Al-serpentines.
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(Bish, 1981; Wicks & Hawthorne, 1986; Wicks & O’Hanley,
1991), and o measured using structure refinement is close to 0°
(approximately —1.5(1)°) for the natural Mg end member lizardite
(Guggenheim & Zhan, 1998; Mellini et al., 2010).

Based on all of the results above, three main distinct mechan-
isms of adjustment between O and T sheet lateral dimensions
to compensate for the misfit of kaolinite-lizardite, Al- and
Fe’*-serpentines and phyllosilicates with corrugated structure
are proposed in the following subsections.

Focus on the structural adjustment mechanism for the kaolinite-
lizardite family

Samples on the (K-L)’ line (Fig. 6a) are those for which b is dri-
ven by R according to the good regression observed for the (K-L)
line (Fig. 5a). For pure kaolinite (Al end member that exhibits the
lowest R), T sheets are relatively large compared to O sheets and
have to reduce their lateral dimensions to adjust to the O sheets.
Moving to lizardite, and thus increasing R, makes the dimensional
misfit decrease. The (K-L)’ trend (Fig. 6a) gives evidence of a pro-
gressive decrease of the angle of tetrahedral rotation o with
increasing R. Accordingly, the rotation of tetrahedra to ditrigonal
symmetry (Fig. 1d) is the principal process for overcoming the
misfit when b, < beer, in TO phyllosilicates by reducing the lat-
eral dimension of the T sheet (e.g. Radoslovich, 1963; Bailey,
1966; Wicks & Whittaker, 1975; Guggenheim & Eggleton,
1987). However, this process is not the only one to achieve con-
gruency between the T and O sheet dimensions. Indeed, the O
sheet enlargement (Equation 6) increases progressively with a
decrease of R (Fig. 6b). The O sheet enlargement corresponds
to a lateral expansion of the sheet by thinning (Bailey, 1984b).
The by value corresponding to an unconstrained O sheet was
taken for hydroxides as determined above (bo =4.51R +6.22;
Fig. 3d). Consequently, positive % O enlargement corresponds
to an O sheet flattening (or thinning) compared to hydroxides,
whereas negative % O enlargement corresponds to a thickening
of the O sheet compared to hydroxides, with a null value being
obtained for R=0.642. With the ionic radius of Fe’* being
0.645 A (Table 1), the theoretical Fe**-kaolinite end member
would have similar dimension to the corresponding hydroxide.
The Fe(OH); mineral bernalite exists but it has a pseudo-cubic
structure of perovskite type (Birch et al, 1993) that cannot be
compared. Kaolinite exhibits the greatest enlargement: 3.6% as
compared to hydroxides (10.1% as compared to undistorted O
sheets), which agrees well with the value measured using structure
refinement (10.1%; Bish & Von Dreele, 1989). Co-lizardite with
the lowest octahedral enlargement (-3.7% and 2.3% compared
to hydroxides and undistorted O sheets, respectively) and has
the thickest O sheet of the family. The linear regression observed
between kaolinite and lizardite (Fig. 6b & (K-L) line Fig. 5a) sug-
gests an increase of the size of the vacant site with an increase of R
for dioctahedral samples.

The few Al- and Fe’*-serpentines with a rather low rate of
tetrahedral substitution that lie on (or close to) the (K-L) line
(ie. brindleyite, pecoraite and synthetic R*'-Al serpentines;
Fig. 6a) behave similarly to the kaolinite and lizardite family.
These Al-serpentines exhibit a great number of octahedral vacant
sites, possibly increasing the plasticity of the octahedral sheet
compared to the other serpentines.

Focus on the Al- and Fe**-serpentines family
The samples that are scattered between the (K-L) and (G-C) lines
exhibit a high degree of misfit due to their relatively small O sheet
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lateral dimensions (small R) compared to their large T sheet lat-
eral dimensions due to tetrahedral substitutions. The T sheet
dimensions have to decrease significantly to adjust to the
O sheet. As for kaolinite and lizardite, this reduction of T sheet
dimensions with decreasing R is due to a progressive increase in
the tetrahedral rotation angle o, as evidenced by the (G-C)” and
(Fe’*-Serp)’ regressions (Fig. 6a). However, contrary to the
kaolinite-lizardite series, the O sheet enlargement does not vary
linearly with R and is relatively more pronounced than for
kaolinite-lizardite (Fig. 6b). This explains the greater b relative
to R observed for Al- and Fe**-serpentines compared to the
kaolinite-lizardite series (Fig. 5a). In Al- and Fe3+—serpentines,
the O sheet enlargement is linked directly to the tetrahedral
substitutions, as shown by the plot of the O sheet enlargement
vs by, (Fig. 6¢). Each of the two observed regressions (calculated
using natural samples only) concerns mainly Al-serpentines or
Fe’*- serpentines and corresponds to the (G-C) or (Fe’*-serp)’
lines, respectively (Fig. 6a). The two regressions intersect for
bt = 9.13A and % O enlargement ~ -2.7 (~3.4% compared
to a free O sheet). This b, value is close to the theoretical
9.15 A value calculated for a free T sheet (e.g. Equation 3;
Bailey, 1981). The % O enlargement is negative or close to 0 for
amesite, meaning that O sheets are always thicker/never thinner
in Al- and Fe’*-serpentines than in their corresponding hydro-
xides (i.e. hydroxide with the same R). For amesite, the ~0% O
enlargement compared to hydroxides means than the flattening of
the O sheet is the same as for hydroxides: ~6.3% compared to the
free O sheet, agreeing well with the structural refinement of amesite
(Wiewiora et al, 1991; Zheng & Bailey, 1997a).

In serpentine, when Tschermak substitutions (coupled tetra-
hedral R**/Si** to octahedral R**/R*" substitutions) occur, there
is a cumulative antagonistic effect of R**. Note, however, that in
the case where Tschermak substitutions occur with coupled
tetrahedral ~ AP*/Si*" to Y'M>*/Mg** substitutions, with
(VM) > r(VAP*) such as for V'M?* = VIFe®*, the antagonistic
effect can be neutralized. The antagonistic effect of Al is well illu-
strated with the synthetic series ((Si,_,Al)(Mgs_,Al,)Os(OH),,
with 0 <x <1) of Chernosky (1975; Table 3). For this series,
bier, and b, are anticorrelated, making the misfit increase dra-
matically when R decreases (Fig. 6a). The lateral dimensions of
the O and T sheets are identical for b, = boe = 9.33 A, corre-
sponding to R=0.690, x =0.49 and b ~ 9.2 A. This x value has
been discussed widely in the past, and an Al content correspond-
ing to x & 0.3 (corresponding to R & 0.702) has been proposed
(Bates, 1959; Radoslovich, 1963; Chernosky, 1975; Caruso &
Chernosky, 1979). The difference between these two x values
comes mainly from the values taken for M-O bond length calcu-
lations of by, and by

Due to the antagonistic effect of Al, tetrahedral substitutions
are not expected to release the misfit between T and O sheets
in aluminous serpentines but to promote it further.
Consequently, strong constraints are expected to occur for the
Al-richest samples as a result of T and O sheet lateral dimension
accommodation. Furthermore, for the Al-richest serpentine with
an end member amesite-like composition, T sheets contract sig-
nificantly (b/b,e,, =0.961; Fig. 6a), all the more so as O sheet
enlargement is relatively limited (Fig. 6b). This contraction corre-
sponds to an angle of tetrahedral rotation o = 16° a value that
agrees well with o & 14-15° measured using structure refinement
of natural amesite (Bailey, 1991c; Wiewiora et al., 1991; Zheng &
Bailey, 1997a). With increasing heterovalent substitutions, an
increasing linkage by H bonding from layer to layer occurs, and
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the interlayer thickness decreases when the ditrigonalization of
the T sheet increases (Mellini & Viti, 1994). Structural refinement
of natural amesites also indicates various cation ordering patterns.
This cation ordering and the electrostatic attraction between
layers due to substantial tetrahedral substitutions are believed to
have positive effects on the regularity of the stacking of layers
in amesite (Bailey, 1991c¢). This may explain its platy morphology
even though a curled morphology might be expected due to misfit
constraints. This may also explain the existence of multilayer
polytypes in serpentine with significant amounts of trivalent
cations. Accordingly, Chernosky (1975) observed a one-layer
ortho-cell structure for 0.05 < x <0.375 and a six-1ayer ortho-cell
structure for x > 0.375.

Focus on the phyllosilicates with corrugated structure

These samples follow the (G-C) and (G-C)’ lines (Figs 5a & 6a),
and the high degree of misfit is due to O sheet lateral dimensions
being greater than T sheet lateral dimensions. In greenalite and
caryopilite, high b, values are due to large octahedral cations
such as Fe** and Mn?*, whereas b, values are relatively low com-
pared to Al- and Fe’*-serpentines due to negligible tetrahedral
substitutions. The stretching of the T sheet attains its limits, con-
straining the O sheet to curl and the T sheet to be discontinuous,
forming modulated layers. It is worth noting that for these TO
phyllosilicates the % O enlargement is similar to those of equiva-
lent hydroxides (Fig. 6b). Detailed descriptions of the various
n-ring arrangements to accommodate misfit in modulated 1:1
layer silicates can be found in the literature (Guggenheim &
Eggleton, 1987, 1988, 1998) and will not be discussed here.

Impact of misfit on layer curling and morphology

Layer curling arises because of the complex interplay between
chemical compositions and the structural adjustments required
to achieve articulation between the O and T sheets. From the
above results, it is hypothesized that samples close to the /b,
=1 line correspond mostly to samples with a flat morphology.
The misfit between the O and T sheets dimensions is accommo-
dated mainly by tetrahedra rotation to reduce T sheet dimensions.
The existence of vacant sites also probably increases the plasticity
of O sheets, facilitating their lateral dimension increase. Exceptions
must be made for chrysotiles (Fig. 6a), which exhibit a non-flat
morphology (cylindrical morphology; Fig. 4b). Only three data
points were available, and these samples are synthetic and may
not be representative. However, the curling observed in chrysotile
is not due to misfit between T and O sheet dimensions, but rather
to reaction kinetics, with chrysotile occurring as a metastable
form of a serpentine (Evans, 1976, 2004; Andréani et al., 2008).
Accordingly, Jasmund & Sylla (1971) observed that tubes of syn-
thetic Mg- and Ni-chrysotiles transformed into platy Mg- and
Ni-antigorites with increasing reaction time. An analogy,
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previously highlighted by Bates (1959), can be made with halloy-
site (which is not represented in this study, its b and R values being
similar to those of kaolinite). Halloysite probably curls for the
same reason as chrysotile. The morphology of halloysite, which
can be tubular, spheroidal, onion-like, crumpled lamellar and so
on, but also platy, is related to crystallization conditions and geo-
logical occurrences (Joussein et al., 2005). Notably, synthetic kao-
linites can also exhibit spherical metastable particles precipitating
from solution with a high degree of supersaturation (e.g. Fiore
et al., 1995).

For samples with b/by, < 1 (Fig. 6a), the T sheet is com-
pressed, constraining the O sheet to increase its lateral dimensions
by flattening the octahedra, as described above. If layers curl, the
O sheets are always on the convex side of the layer. However, in
Al- and Fe’*-serpentines, increasing heterovalent substitutions
induce increased electrostatic attraction between layers and an
ordering of cation distributions favouring a flat morphology.

It is tempting to further discuss the morphology of serpentines
as a function of misfit, as has been examined previously by many
authors (e.g. Pauling, 1930; Bates, 1959; Radoslovich, 1963; Bailey,
1966). However, the simple approach developed here cannot
replace detailed structural studies for determining the actual
structure and morphology of TO layer silicates. For example,
some serpentines, such as polygonal serpentines, may appear as
fibres, but are composed of 1:1 flat layers (Baronnet et al., 1994;
Mellini, 2013), and conversely, structural modulation can account
for apparently plate-like particles (Guggenheim & Eggleton,
1987). Moreover, mixtures of several morphologies are often
reported in synthetic series (Chernosky, 1975; Bentabol & Ruiz
Cruz, 2013) as well as in natural samples (Capitani et al., 2021).

TOT phyllosilicates

Pyrophyllite-talc

Pyrophyllite and talc are TOT layer silicates composed of electro-
neutral stacked 2:1 layers formed by two T sheets sandwiching
one O sheet (Fig. 7a). These two minerals correspond to the
Al-dioctahedral and Mg-trioctahedral end members, respectively,
having the general SF of Siy(R>*, R**, [1)3014(OH,F),, with R**
being mainly Al, R** being mainly Mg but also potentially
being very different and [] being a vacant site. In the present
study, kerolites were also included in this group because these
clay minerals are considered hydrated (but disordered) talc-like
minerals (Brindley et al., 1977). The available data found in the
literature for this group of minerals cover only a small range of
chemical variability (Table 4). For dioctahedral minerals, only
pyrophyllite, with limited Fe’* substitutions, and ferripyrophyllite
are reported to occur, with ferripyrophyllite exhibiting the highest
R and b values. For trioctahedral phyllosilicates, Ni-talc exhibits
the lowest R and b values. Natural talcs with significant amounts

Figure 7. Schematic representation of the structures of various
TOT phyllosilicates: (a) neutral TOT (e.g. pyrophyllite and talc),
(b) low-charge hydrated TOT (e.g. smectite) and (c) high-charge
TOT (e.g. mica).
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Table 4. Data used for TOT phyllosilicates with a neutral structure.
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TOT neutral structure (anhydrous composition) Sample? R b References Comments

Pyrophyllite

SigAly Pyrophyllite 0.535 8.966° Drits et al. (2012)

(Siz.0aFeds) (Mgo1Feds) Ferripyrophyllite 0.649 9.080 Badaut et al. (1992)

(Si3.50Alo.13Fed 07) (Fe396Mgo.11)Cao.os Ferripyrophyllite 0.649 9.100 Chukhrov et al. (1979a)

(Siz.s0Alo.0sFed6)(Alo 0oFed 56Mgo.11)Cao o5 Same sample 0.644 Coey et al. (1984)

Talc

SizMgs Talc 0.720 9.173° Drits et al. (2012)

Si4(Alo‘ozFegfste%}sMgmo) Antwerp 0.728 9.180 Robinson & Chamberlain
(1984)

(Siz.03Alo.07) (Fe31Ni5 1,ME0 1) Willemseite 0.697 9.149 De Waal (1970)

5i4(Alo.ozFegfstengMgmo)

Minnesotaite

Sis(Fe3heMgo.72) Mesabi range, MN, 0.766 9.410 Grlner (1944) SF calculated from chemical data

USA

(Siz.88Al.17) (Fe3 5o0Mgo 3sMNg 06) Sample 1 0.773 9.419° Guggenheim & Eggleton
(1986)

Synthetic Fe**-talc series (magnetite-iron and Forbes (1969)

magnetite-wiistite buffers)
Si4(Mg3,XFe2*X)

Mgs Fe/Fe+Mg=0 0.720 9.156

Mg o7Fed 03 0.01 0.721 9.157

M824955F912).+045 0.015 0.721 9.159

M2 025F€5 075 0.025 0.722 9.160

MgZSSSFe%TlOS 0.035 0.722 9.161

Mg, 775Feg 52 0.075 0.725 9.165

Mg, Feds 02 0.732 9.181

Kerolite

Sia(Alo.07F€d.02Mg2.5) Sample 1 0.715 9.134 Martin de Vidales et al.
(1991)

(Si3 96Alo.04) (Alo.07F€5,03ME2.72Li0.09) P-7 0.718 9.078 Eberl et al. (1982)

(Siz.05Al0.05) (Alo.015F€3.015ME2 945 Tio.005) SAN I-1 0.718 9.133 Pozo & Casas (1999)

Kerolite-pimelite series Brindley et al. (1979)

(5i3.94Alo.01F9351)(Mgz.oeNiom) 1 0.720 9.132

(Si3.04Alo.02F €3 03) (M2 16Nig.87) 6 0.711 9.150

(5i3.97Alo.03)(Mgz.04Nio.91Feg.+()1) 8 0.711 9.168

(Si3.00Al0.01) (Mg1.25Ni1 7aFe352) 17 0.702 9.156

Synthetic Ni-Mg kerolite series Baron et al. (2016a) Description of samples only, SF and b values

are unpublished

Sia(Mgz_xNix)

Mgs x=0 0.720 9.160

Mg2.36Nio.ca x=0.5 0.714 9.154

Mgi1.gNi12 x=1 0.708 9.144

Mgi 26Ni1 72 x=15 0.703 9.138

Mgo.2Niz.18 x=2 0.698 9.136

Mgo.42Niz.58 X=2.5 0.694 9.134

Nis x=3 0.690 9.130

b is a crystallographic parameter (A).

R=mean ionic radius of octahedral cations (A; see text for details).
“Sample reference in the paper.

bRefined unit cell.

of Fe and Ni are not rare. The Mg-Ni solid solution is complete in
talc (talc-willemseite sequence) and kerolite (kerolite-pimelite
sequence), whereas the Fe’’-Mg solid solution is limited to
(Fe**/(Fe** + Mg)) values near 0.4 for natural as well as synthetic
minerals (Corona et al., 2015). Minnesotaite, a chemically Fe** talc-
like end member, is reported here, but it displays a modulated struc-
ture (Guggenheim & Bailey, 1982; Guggenheim & Eggleton, 1986,
1987). Synthetic talcs with other divalent octahedral cations, such
as Co (complete solid solution), Zn and Cu (limited solid solution),
can be synthesized (e.g. Wilkins & Ito, 1967). Unfortunately,
detailed XRD data are not available for these minerals.

Except for minnesotaites and some natural kerolites, data for
natural and synthetic samples appear quasi-aligned on a line join-
ing dioctahedral (i.e. pyrophyllite) and trioctahedral (i.e. talc) end
members on the b vs R plot (Fig. 8a). This agrees with the work of
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MacEwan (1961), who deduced a coefficient proportional to the
ionic radius of Mg and Al from the pyrophyllite-talc pair,
which can be used to calculate b by multiple regression. The
b vs R regression for the pyrophyllite-talc (P-T) line, calculated
using pyrophyllite and the three natural talc samples (Mg,
Antwerp Fe’*-substituted talc and Ni**-substituted talc (ie.
willemseite); Table 4) is excellent, and leads to the relation
b=1.1162R +8.3691 (Fig. 8a).

Another regression was calculated using the synthetic Fe**-Mg
talc (Forbes, 1969) and Ni-Mg kerolite series (Baron et al., 2016b)
only, and the equation is similar to the former one (Fig. 8a), with
the slight difference being possibly due to the lower crystallinity of
these samples.

Ferripyrophyllites follow the general trend (Fig. 8a), but the
data selected here appear prone to bias given that the three
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Figure 8. (a) b vs mean ionic radius of octahedral cations R for electro-neutral TOT phyllosilicates (Table 4), with circles representing natural samples and triangles
representing synthetic samples: dark blue circles = pyrophyllite; light blue circles = ferripyrophyllites; open circles = same sample; yellow circle = Mg-talc; red circle =
Fe?"-talc; light green circles = willemseite; dark green circles = minnesotaites; brown circles = natural kerolites; light green triangles = synthetic Mg-Ni kerolite series;
red triangles = Mg-Fe?" synthetic talc series. (P-T) corresponds to the natural pyrophyllite-talc regression line. Grey dotted line = regression calculated with Mg-Fe?*
and Mg-Ni synthetic series. (b) b/biet. ratio vs the mean ionic radius of octahedral cations R for the same samples (and colour code) as (a). (c) Evolution of the
percentage of octahedral enlargement (Equation 6; see text for details) vs R for the same samples (and colour code) as (a); dotted line = regression calculated

excluding ferripyrophyllite, natural kerolite and minnesotaite samples.

available SFs exhibit a deficit of layer charge, probably due to
impurities (Table 4). Accordingly, Chukhrov et al. (1979a) iden-
tified ~5% smectite in their ferripyrophyllite sample, justifying
the Ca presence in the SF to balance the layer charge. Coey
et al. (1984) studied the same sample using Mossbauer spectros-
copy and revisited its SF, attributing more Fe’* to the T sheet
(Table 4). However, in light of recent studies: (1) the partition
coefficient of AI** and Fe’* between tetrahedral sites in dioctahe-
dral smectites indicated a strong preference of AI’* to substitute
for Si in the T sheet (Decarreau & Petit, 2014); and (2)
Mossbauer spectroscopy was shown to be inadequate for quanti-
fying tetrahedral Fe’* in smectite if its content was unknown
(Baron et al., 2017). Consequently, it appears that the SF given
by Chukhrov et al. (1979a) is probably more suitable than the
SF revisited by Coey et al. (1984).

Some natural kerolites deviate from the general trend (Fig. 8a).
As mentioned above, kerolites differs from talcs by their water
content, possibly due to a small charge occurrence from octahe-
dral vacant sites, resulting in some swelling properties. Some nat-
ural kerolite samples were also characterized as talc-stevensite
mixed-layer minerals (Maksimovic, 1966; Brindley et al., 1977;
Eberl et al., 1982; Pozo & Casas, 1999). Their deviation from
the pyrophyllite-talc regression line could reflect the degree of
their ‘smectitic’ character. Accordingly, the P-7 kerolite (Eberl
et al., 1982; Table 4), possessing the greatest charge of the kerolite
group in this study and in which Eberl et al identified 30%
expandable layers, is the farthest above the (P-T) line. These
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results suggest that the occurrence of a negative octahedral charge
in trioctahedral TOT clay minerals tends to induce a decrease in b.

Minnesotaites are dramatically out of trend and exhibit greater
b values than expected from R (Fig. 8a). This can be seen as rem-
iniscent of the roles played by structure and morphology on crys-
tal parameters, similarly to TO phyllosilicates with corrugated
structures (see below).

Calculated with the same data than for the (P-T) line, the
regression for the (P-T) line is /by =0.122R +0.9144
(Fig. 8b). The similarity between Fig. 8a and Fig. 8b is related
to the negligible amounts of tetrahedral substitutions for the pyr-
ophyllite-talc family. The lower b/by is 0.984 for pyrophyllite.
The calculated tetrahedral rotation angle o &~ 11.6°, which is in
agreement with that determined using structure refinement
(o0 & 10°% Evans & Guggenheim, 1991), allows the lateral dimen-
sions of T sheets to be reduced to adjust to the smaller O sheets.
When R increases, b/b, increases linearly to a value slightly
greater than 1, thus indicating that the mismatch between the T
and O sheet lateral dimensions decreases progressively, as dis-
cussed above for TO phyllosilicates. Accordingly, the angle of
tetrahedral rotation o is low, being ~3.6° in talc (Perdikatsis &
Burzlaff, 1981). The synthetic Fe**-richest talc (with octahedral
composition: Mg2_4Fe§f’6) exhibits the greatest b/by, (1.008).
Note that the natural Antwerp talc contains a similar Fe**
amount, but the presence of octahedral Al and Fe’* tends to
lower R (Table 4). The continuous increase in b/b,, with R
implies a progressive decrease in tetrahedral rotation angle
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approaching 0° with T sheets stretched maximally for the greatest
R (i.e. Fe**-rich talc). Although a miscibility gap between Fe**
-rich talc and minnesotaite, if one exists, has not been determined
between the limit R values of ~0.74 (Fe*"-rich talc) and ~0.76
(minnesotaite), the misfit between the T and O sheets is too
high (high b/b; Fig. 8b) and the constraints are released by
structural modulations, inducing the development of a superlat-
tice for minnesotaite (Guggenheim & Eggleton, 1986).
Minnesotaite has a continuous O sheet with adjacent Si tetrahedra
on each side. Tetrahedral strip widths are narrow, being three and
four tetrahedra wide compared to the seven tetrahedra found
across the island in greenalite (Guggenheim & Eggleton, 1986).
This is consistent with the smaller b/b,.; measured for minneso-
taite (~1.03) compared to greenalite TO phyllosilicate (~1.05).

Thexcelent linear relation, according to the (P-T) line,
observed between O sheet enlargement (Equation 6) with R for
all samples except minnesotaites and the out-of-trend kerolite
P-7 (Fig. 8c), indicates that O sheet thinning (and thickening
compared to hydroxides) acts together with the tetrahedral rota-
tion angle to attain congruency between T and O sheet dimen-
sions, as observed for the kaolinite-lizardite family (Fig. 6b).
The O sheet enlargement increases progressively with decreasing
of R from -3.6% to 3.8% compared to hydroxides (2.5% and
10.3% compared to an ideal unconstrained O sheet, respectively;
Fig. 8c), with a null value being obtained for R=0.635, corre-
sponding well to ferripyrophyllite. According to the results
above, the crystal structure refinement of a Mg-talc indicates
that the O sheet was thinner than the ideal dimensions and that
O sheet flattening occurs before the T sheet is stretched max-
imally (o = 3.6°% Perdikatsis & Burzlaff, 1981).

Two compositional gaps are observed between the pyrophyllite
and talc end members for R from ~0.54 to ~0.65 and from ~0.65
to ~0.69 (Fig. 8a—c). For the former range, all values of R could be
obtained by varying the AI>*:Fe’* ratio, suggesting that the pyro-
phyllite—ferripyrophyllite solid solution is limited due to the
respective contrasting geological occurrences of the two end
members: mainly low-grade, Al-rich metamorphic rocks for pyr-
ophyllite (Deer et al, 2009) and precipitation from low-
temperature, Fe-rich hydrothermal fluids for ferripyrophyllite
(Chukhrov et al., 1979b; Badaut et al., 1992).

The second range of R values corresponds to the ‘di-trioctahedral
region’, with the greatest value for the dioctahedral end member
being R= 0.645 (for 7(VFe**)) and the lowest value for trioctahe-
dral end members being 0.69 (r(Ni**); Table 1). Neutral
di-trioctahedral structures would then require Tschermak substitu-
tions and/or extra octahedral vacant sites to neutralize the charge
due to heterovalent substitutions. Tschermak substitution would
create stress within the structure due to the antagonistic effect of
the trivalent cations on the misfit, as discussed above for TO phyl-
losilicates. However, in contrast to TO structures, excessive
out-of-plane tilting of tetrahedra in TOT phyllosilicates cannot
occur because the identical sheets on opposite sides of a neighbour-
ing O sheet hold it flat under tension (Guggenheim & Eggleton,
1986). To our knowledge, no neutral di-trioctahedral TOT layer sili-
cates have been reported to occur to date.

Smectites

Smectites are TOT clay minerals with a negative layer charge
generally ranging between 0.2 and 0.6 pfu due to isomorphous
octahedral and/or tetrahedral heterovalent substitutions. This
charge is balanced by the presence of cations located in the
interlayer space, whereas hydration of the cations leads to
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the intercalation of between 0 and several water sheets
(Fig. 7b; e.g. Ferrage, 2016). The general SF takes the form of
(SigR* (R R**,R* [14)010(OH),M,, where a+b+c+d=3
and y=x - 3a - 2b - c + 6 if the interlayer cation M is monovalent.
Smectites present great variability in their chemical composition,
density and location of layer charge, giving rise to numerous end
members with a dedicated terminology (e.g. Brigatti et al., 2013).

The dataset used is representative of the large compositional
range encountered for both natural and synthetic smectites
(Table 5). Vermiculite, although generally composed of macro-
scopic particles (e.g. de la Calle & Suquet, 1991), was added to
this category because it has the same SF as smectite at y>0.6
and cannot be distinguished from high-charge saponite in its
swelling properties (Suquet et al., 1977).

Especially for smectites, which are typically finely divided clay
minerals, b and R are probably less reliable in terms of assessing
value than for the other phyllosilicates. No single-crystal struc-
tural refinements have been carried out on smectites, and b has
most often been measured using direct measurement of the
(06¢333¢) band. Using a Rietveld simulation of XRD traces of
smectites synthesized by Andrieux et al. (2010), Heuser et al.
(2013) found b to be significantly greater than values obtained
from the (06£;337) band (Table 5; Petit et al., 2015). The nature
of the interlayer cation and the hydration state were also shown to
induce variation in b up to 0.03 A (Suquet et al., 1981). The SF
must also be viewed with caution due to:

(1) The difficulty in obtaining pure smectite, with admixtures
affecting its chemical composition.

(2) The chemical heterogeneity within a given sample. Several
populations of smectites may occur in the same sample,
and the resulting R and b values measured thus represent
mean values. For example, Ferrage et al. (2007) identified
two populations of beidellites in a dioctahedral smectite,
while the Olberg iron-rich smectite first studied by Koster
et al. (1999) was shown to be heterogeneous, being consti-
tuted by Fe’*-montmorillonite and smectite with some
tetrahedral charge and with less Mg and more Al than
Fe**-montmorillonite (Petit et al., 2002).

(3) The chemical heterogeneity between samples from a given
site. As an illustration, the SF of the Manito nontronite
revealed 0.21Y'Al and 0.1V'Fe** in Késter et al. (1999),
while no “Y'Fe** and only 0.03Y'Al were proposed by
Radoslovich (1962), both leading to different but coherent
values (0.642 and 0.644 for R and 9.125 and 9.155 for b,
respectively; Table 5). Similar observations can be made for
some other smectites (Otay montmorillonite, Black Jack
mine beidellite, Garfield nontronite, Unterrupsroth beidellite
(Nadeau et al., 1985)).

(4) The difficulty in evaluating the actual rate of tetrahedral
substitutions.

(5) The redox state.

Despite these limitations, the b vs R plot reveals that the sam-
ples generally follow the pyrophyllite-talc (P-T) trend (Fig. 9a).
The scattering of data may be related mostly to the layer
charge occurrence in smectite. For example, for the synthetic
Fe**-nontronite  series  (Siy_Fe>*,)Fe3"0,o(OH),Na, (with
0.43 <x<1.54), where tetrahedral iron was the only variable
parameter, R is constant, while b increases with tetrahedral iron
content (Fig. 10a), leading to vertical dot alignment on the b vs
R plot (green triangles in Fig. 9a). A similar observation is
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Smectites (octahedral and tetrahedral

anhydrous compositions) Sample? R b References Comments
Natural smectites
Dioctahedral smectites Russell & Clark (1978)
(Si3.gasAlo.155) (Al1 s65F €3 2Mgo.25) Wyoming 0.569 8.988

montmorillonite
(Siz.665Al0.335) (Aly.755Mgo.255) Unterrupsroth 0.558 8.976

montmorillonite
(Si3 995Al0.005) (Al 36F€3 06MEo.60) Otay montmorillonite 0.593 8.994
(Siz.g2Alo 18) (Aly 57FedoMgo 37) Woburn 0.591 9.024

montmorillonite
(Siz.105Al0.07Fed 52) (F&3 0oMgo 1) California nontronite 0.649 9.210
(Siz.65Alo.35) (Alo.s3Fe3 37Mgo.13) Washington nontronite ~ 0.621 9.072
(Siz.e7Alo.0sFed 28) (Fe395Mgo.05) El Pao nontronite 0.647 9.162
(Siz.41Alo47Fed2) (FE3'Mgo.00) Pfaffenreuth nontronite 0.646 9.144
(Siz42Alg 525F €3 bss) (FeT 6sME0.02) Garfield nontronite 0.646 9.138
Dioctahedral smectites Brigatti (1983)
(5i3.93Alo.oz)3(Alo.15FeittsMgose) 1 0.651 9.085
Sig.0(Al.4Fe1'31Mgo.25) 2 0.632 9.070
(Sia.gaAlo.oz)(Alo.eFe%sMgo.m) 3 0.627 9.030
(si3.6SAl0.3S)(AlOAGSFengMgOAS) 4 0.626 9.005
(5i3.77Alo.23)(Alo.99Fec3>f78Mgo.24) 5 0.600 8.993
(Si3.56Al0.44) (Alg oFe3 7:Mgo.55) 6 0.618 8.978
(Si3.3eAlo.s4))(Alo.75Feg.+71Mgo.81) 7 0.635 9.015
(Si3.25Al0.75)) (Alo.osFe3 7Mgo 50) 8 0.618 9.020
(Siz.gaAlo.16) (Al1 12F€3 57Mgo 35) 9 0.597 8.965
Sis.55A0.45) (Alg s7F€3 53M 10 0.630 8.952
S g 1
(Si375Alo.25) (Al1 4aF€3 35Mgo 31) 12 0.581 8.944
(Siz.82M10.18) (Al 35F €3 5:Mgo.45) 13 0.591 8.940
(Siz.g7Alo.13) (Al 35F €3 55Mgo.4) 14 0.585 8.942
(Siz.g0Alo.11) (Al1 52Fed17Mgo.35) 15 0.574 8.945
Dioctahedral smectites Tsipursky & Drits (1984)
(Si3_95Alo_o5)(All_33Fe(3,_*18Mgo_44) 1cv 0.586 8.97 cv, tv=cis, trans octahedral vacant

site (Drits et al., 2006)
(Si.06Alo.04) (Aly s4Fed'15MEo 26) 2 tv-cv 0.569 8.98
(si3.98Al0402)(All,38Fe§:14Mg0.48) 3 tv-cv 0.587 8.97
(5|3.91Alo.09)3(Al1.36Feo.41Mgo.z4) 4 tv 0.580 8.98
Sig(Aly 51Feg.10Mg0.30) 5c¢cv 0.577 8.98
Sia(Aly.a0F € 26ME0.24) 6tv 0.581 9.00
(5i3.98Al0402)(All,32Feg,+26Mg0.4l) Ttv 0.587 9.00
Sia(Al; 30Fe351Mgo.30) 8 tv 0.580 8.97
(5i3.83Al0417)(All.47Fe(3).+19Mg0.34) 9 cv 0.577 8.98
(Si3_89Alo_1§)(Alo_ggFegfstegmego_%) 10 tv-cv 0.615 8.98
Sig(Alo o Fe1’s1Mgo 20) 11 tv 0.645 9.06
(Siz71Alg 20) (Aly g4FediosFedoIMgo 31) 12 tv tv-cv 0.567 8.98
(5i3.73Alo427)(All.osFeg.;?Mgo.sﬂ 13 tv-cv 0.608 8.97
(Siz.86Al0.14) (Al1.6sM80.32) 14 cv 0.565 8.98
(Si3'41Al0‘59)(Al1‘57Fe§:37Fe§:01Mgo'os) 15 tv-cv 0.561 8.98
(S|3_53Al0_47)(Alo_geFeg_ggFeo_ongo'ze) 16 tv 0.606 9.01
Si345Al Alg 33FeiseM 17 tv 0.630 9.12
SreFe o) ™ 1o
(Siz.65Al0.25) (FeT5Mgo.08) 19 tv 0.648 9.12
(Sis.46Alo.54) (Alo 16Fe3 55Mgo.04) 20 tv 0.638 9.14
Dioctahedral smectites Heuser et al. (2013)
(Siz78Alo.22) (Aly ssFedhsMgo ) BeC 0.567 9.010 b measured using Rietveld refinement
Sis.s0Alo.11)(Aly 43Fed5sM BeD 0.577 9.026
ES]MQAIO‘H;EA[L“F g;stgo.w) Bor 0ar3 9087
3.88R10.12) (Al 40 eg.z7 €0.23) e . X
Si3 60Al Aly 1sFeg7aM BeH 0.586 9.064
ESi3.60Al0440;EA11.15F (3);74Mg0.11) BeW
3.92Alo.08) (Aly 55F€0.15M80 26) e 0.570 9.030

(5i3'69Alo‘31)(AlLGlFeS‘*ogMgogo) FR 10-0382 0.568 9.013
(Si3_79Al0_21)(All_esFegfuMgo_n) FR10-0532 0.560 9.017
(Siz.g5Al0.15) (Al1 24F€3 2gMgo.23) FR11-0229 0.587 9.053
(Siz.g0Alo.31) (Al 47Fed5sMgo 15) Cameron 0.571 9.041
(5i3.56Alo444)(Alo,MFeTstgom) Cheney 0.605 9.145
Iron-rich smectites Koster et al. (1999)
(Siz.68Al0.22) (Al1 24Fe3 sFed 0sMgo.10) Oberpullendorf 0.590 8.997
(Sis.g6Alo.14) (Aly 4Fed5sFed o, Mg 26) Sauteloup 0.580 8.968
(Siz.67Alo 26Fed 07) (Fed o1 FedlnsMgo.03) Hoher Hagen nontronite 0.651 9.151
(Si3_49Alo_51)(Alo_zlFeffegFeéflMgom) Manito nontronite 0.642 9.125
(Si3.02Al0.0) (Alo 37Fe3 55F€5/06Cro.03Ni0.02MBo71)  Olberg 0.655 9.040
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Smectites (octahedral and tetrahedral

anhydrous compositions) Sample? R b References Comments
Other nontronites
(Si 373 Al0427)(Alo,lsFeffnggo.M) Tyrrhenian Sea 0.642 9.110 Dekov et al. (2007)
(Siz.56Alo.41) (Alg 30F€353Mg0.05CU.02) Serra Dos Carajas, Brazil 0.628 9.108 Petit et al. (1992)
Beidellites Post et al. (1997)
(Siz.6Alo.4)(Aly.o6Fed bsMgo.02) Idawa Mine 0.540 8.964
(Si3.7Alo.3) (Al saFed 0sM0.11) DeLamar Mine 0.549 8.946
(Siz.6aAlo.26) (Al oFeg] 09Mg0 04) Blain tunnel 0.544 8.958
(Sis.46Alo.54) (Aly.ogF €3 04Mg0.02) Black Jack Mine 0.539 8.988
Other natural smectites Radoslovich (1962)
Al-rich dioctahedral smectites
Sis (Aly.46Fed06MEo.40) Santa Rita 0.583 8.993
(Si3.g0Alo.20) (Al1 55F€3 21Mgo.23) Belle Fourche 0.568 8.993
(Siz78Alo.22) (Aly s1Fed’7Mgo 23) Merritt 0.571 9.000
(5i3_86A|0_12Fe3352)(All_58Fe3_*18Mg0_25) Clay Spur 0.568 9.001
Sis (Al FegogM Polkville 0.583 9.002
(5?3(91A1i2709)(/§';]1646§2§+91)8Mg0 31) Amory 0.575 9.004
i 58Alo osFe3 o) (Al 4oFe lymouth
(Siz.88A 0.08590.04)(A 1.42F€5.1sME0.41) Plymout 0.583 9.011
Sia(Al; 25Fed 06Mgo.71) Otay 0.602 9.014
(Si3‘30Al0,20)(Al1A51Fe8f31MgoA20) Little Rock 0.570 8.996
(5i3.85A|0.15)(A|1.37Fe§:19Mgo.47) Chambers 0.588 9.004
(Si3.20Alo.10) (Al1 55F€5.20MEo.25) Upton 0.569 8.997
(Siz.01Alo.00) (Aly s7Fed’15Fed 0oMgo.23) Belle Fourche 0.569 8.988
(Si3,39A|o.11)(AlmsFegﬁeFegmegOAzx) Lemon 0.584 9.019
(5i3.97A|0.03)(A|1.55FegfosMgosa) Rideout 0.574 8.994
(Siz.00Alo.01) (Aly s7Fed’1,Mgo 30) San Antonio 0.570 8.997
Sia(Aly.45Mgo ssLio.16) Honeycomb 0.600 8.979
(Si3‘74Al0,26)(Al1A77Fe§IO3MgOA20) Unter-Rupsroth 0.555 9.000
(Siz.46Alo.54) (Al1.96F€3 04) Black Jack 0.537 8.940
(Si.48Alo.52) (Aly.0gFe3 02MEo.01) Black Jack 0.537 8.978
Nontronites
(Si3‘5Alo‘5)(AIOA03Fe§:02MgOA01) Manito 0.644 9.155
Si3 sAlg.5) (Alg.osFer oM Garfield 0.647 9.175
Al Alarel o)
- } ¢ "3+ 2+ .
(Siz.57Alg 43) (Alo.osFe1 79F€5.0aME0.08) Behenjy 0.646 9.13
Trioctahedral smectites
(Sis.10Alg 75Fed: 06)(Fe0 LsFed 56Mg5.20) Saponite 0.714 9.258
(Si3.70Alo.30) (Alo, 04Feo 01Mg2.85) Saponite 0.717 9.165
(Siz.38Al0.62) (Alg, 03Feo 02Mg2.95) Saponite 0.718 9.218
(Sis63Alo, 37)(Fe0 01Mg2 99) Saponite 0.720 9.198
(Si3.50Alo.s0 Alo 15Feo 04Mg2 92Mng 1) Saponite 0.717 9.178
(Si3.28Alo.52Fe3 1) (Alo, osFeo osMgz 01) Saponite 0.718 9.197
(Si.10Al.81) (Alo 0aF €3 14F €3 5:Mg1 g5) Griffithite 0.717 9.246
(Siz.30Alo.70) (Alo.70Fe.62ZN1 55ME0.14) Sauconite 0.680 9.228
(Siz.35Alo.61) (Alo7sFed53ZN1 54Mgo 15) Sauconite 0.672 9.220
(Siz27Alo.73) (Al 12Fed13ZN2 64Mg0 11) Sauconite 0.727 9.251
(Siz35Alo.65) (Alo.04F €3 16222 8ME0.10MNg,01) Sauconite 0.736 9.247
(Siz30Al.61) (Alo 17Fed 562Ny 05Mgo 12) Sauconite 0.707 9.259
(5|3.47Alo.53)(Alo.zzFegHﬂn2.40Mgo.1&) Sauconite 0.718 9.252
Sia(Alo.01Mg2.71Li0.34) Hectorite 0.724 9.119
(Si3_953Alo_05)(Mg2,73Li0_33) Hectorite 0.724 9.180
Sis(Fe352Mgs.ssMn, Stevensite 0.720 9.156
S Aol o
3.82Al0.18) (Alo.4Cro 35F €5 55MEo 52) Volkonskoite 0.648 9.119
Other volkonskoite
(Siz7Aly3)(CriiMg; 26) Jordan 0.671 9.162 Khoury et al. (1984)
(Siz.50Alo.41)(Cr3 7Fed5sMgo.75) R4820 0.656 9.08 Foord et al. (1987)
Other saponite
(Siz.30Alo 6sFed 02) (ME2.50F €8 H6F€d 24) Kosakov 0.719 9.233 Suquet et al. (1975)
Other trioctahedral smectites
SisMg; g5 Stevensite n°1 0.720 9.120 Faust (1959)
Sis(Mg e6Lio.3) Hectorite 0.724 9.120
Sia(Mgs.s7Li0.1Fed 6Alo.03) Ghassoulite 0.721 9.100
Smectitic series (Murrin Murrin, Australia) Gaudin et al. (2004)
(Siz.sAlo.) (Alo s6Fe” 19Mgo 29Cro.0oNio.13) 2-22 0.638 9.078
(Siz.70Alo.21) (Alo, 67Fe0 91Mg0.15Cro.13Nig.13) 2-21 0.617 9.054
(Siz.78Al0.22) (Alo. 47Fe1 01Mg0.2Cro.17Nio.10) 2-19 0.629 9.072
(Siz.78Alg.22) (Alo, 59Feo 91M80.23Cro.19Nig.12) 2-17 0.621 9.060
(Siz.79Alo. 21)(Alo osFe1 "3Mg0.55Cro.0sNio.12) 5-19v 0.660 9.072
(Siz.e9Alo.31) (Al 54Feo 99Mg0.19Cro21Nio.1) 5-46 0.622 9.060
(Siz.gAlo.o) (Alg. 31Fe1 " oMg02Cro.1Nig 11) 5-43v3 0.636 9.078
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Table 5. (Continued.)

Smectites (octahedral and tetrahedral

anhydrous compositions) Sample? R b References Comments
(5i3.79AloA21)(AloAuFe?uMgomC"vosNio,u) 5-36 0.654 9.084

(si3.79Al0,21)(Al%isFel.?»SMgO.Scrl)..O?:Ni0,13) 5-25 0.657 9.090

(Siz.65Al0.35) (FeT.67MB0.46Cro.05Nio.12) 5-23 0.662 9.090

Other intermediary smectites

(Siz.a0Alo.51) (Alo 17Fed 5sMgy 30) Mont Megantic, Quebec 0.680 9.150 Kodama et al. (1988)

Vermiculite

(Siz.56Al1.14) (Alo.15F€3 0 1ME5 83) Llano 0.684 9.255 Shirozu & Bailey (1966)

(Siz72Al1 28) (Alo 16F€3 %M 36) Kenya 0.668 9.18 Mathieson & Walker (1954)

(Siz.65Al1.35) (Alo 35Fe350F €3 0sMg 65) Ajmer, India 0.709 9.168 http://www.

handbookofmineralogy.org/

Synthetic smectites

Dioctahedral Al-Fe* smectitic series Petit et al. (2015)
(SiAl)4(Fel AL
(Si3.52Al.35F €3 13) (Fe3") 1 0.645 9.186
(Siz.6aAlo.26) (Fe 50Alo.11) 14 0.639 9.168
(Siz.61Al0.30) (Fe2 74Alo 26) 19 0.631 9.132
Beidellite 19 9.189 Heuser et al. (2013) Italicized = same sample, b measured
using Rietveld refinement
(SiAD4(Fed 3sAl162) 23 0.556 8.982
Beidellite 23 9.059 Heuser et al. (2013)
(SiAl)4(Feg34Al . 66) 31 0.554 8.970
Beidellite 31 9.019 Heuser et al. (2013)
(Si3.a7Alo.asFed o7) (Fed 57Alo.03) 39 0.643 9.156
(Si351Alo36F €3 13) (Fed 30Alo.20) 41 0.634 9.126
(Siz5Alo ) (Fesahlo.z6) 43 0.625 9.138
(SiAl)4(FeZ26Alo.74) 52 0.604 9.096
(Sia.6Alo.a) (FedsAly ) 53 0579 9.048
(Sis.7Aly 3) (Fed’s7 Alya3) 54 0.566 9.000
Dioctahedral Ga-Fe** smectitic series Petit et al. (2016)
(SiGa)4(Fel_Gay)
(Siz24Gag.76)Gay) 0.00 0.620 9.100
(Siz.25Ga o.75)Fep5Gay ) 025 0.626 9.114
(Si3.42Ga o.58)Fed56Gar14) 0.50 0.631 9.117
(Si3.48Ga o.52)Fe}11Gag go) 0.75 0.634 9.123
(Si3.45Ga o.55)Fe%4Gao.76) 1.00 0.636 9.127
Dioctahedral Fe**-nontronite series Baron et al. (2016b)
(Siq_sFe*,)(Fe3") (tetrahedral composition)
Siz.s7Fedas 0.645 9.174
SissaFedias 0.645 9.168
Siz.s1Feda0 0.645 9.180
Sias0 Feps0 0.645 9.186
Siz.aoFe€d's1 0.645 9.180
Siz.a7 Feps3 0.645 9.186
Siz.asFeds7 0.645 9.198
Sis 32F€d 68 0.645 9.198
Siz15 Fediss 0.645 9.216
Si.13 Fepar 0.645 9.222
Si.01Fe€3 09 0.645 9.240
Di-trioctahedral Fe**-Mg smectitic series Grauby et al. (1994)

(Si,Fe*")q(Fe*>*Mg),

(Sia.ssFed 1) (Fed'7sMgo.2a) 2 0.654 9.095
(Sis.oFed 1) (Fed5eMgo.47) 3 0.662 9.092
(5i3.a7Feg.+13)(Fei;:oMgme) 4 0.671 9.104
(Si3.97Feg.+03)(FeiJruMgl.oz) 5 0.680 9.129
(Sia.s6F€d 0a) (Fe3 0aMg1.22) 6 0.685 9.122
(Siz.o7Fed.03) (Fed saMg1 55) 7 0.694 9.126
(Si3 06F€3 04) (Fe3 56ME2.03) 8 0.704 9.143
Sia(Fed'30Mg2.43) 9 0.712 9.152
Fe?*-rich saponite series Chemtob et al. (2015)
(Si3.54Alo.46)(Fe%;6A10.27) A 0.757 9.384
(5i3.54AloA45)(Fe%gsAlo,zs Mgo.27) B 0.751 9.300
(Si3.42Alo.58)(Feﬁ13Alo.17Fe(3>Tz7Mgo.99) C 0.732 9.228
(Si3 52Alo.48) (Fed52Alo 17F€3 0aM g1 75) D 0.725 9.192
(Sis.6Alo.4) (FeT sAlo s6Fed 17) E 0.688 9.258
(5i3.53AloA42)(Fe§53Alo,sFegBGMgoA7s) F 0.678 9.174
(Siz.63Al0.37) (Fe3 5:Mgo.56) G 0.769 9.222
(Si3 63Alo.37) (Fed ssFed 0sMg2.15) H 0.737 9.198

Saponite series Suquet et al. (1981)
Na(Si4folx)(Mg(3fy)Aly)
(Continued)
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Table 5. (Continued.)

Smectites (octahedral and tetrahedral

anhydrous compositions) Sample? R b References Comments
(Siz.67Alo33)(Mg3.0) 1 0.720 9.184

(Siz5Alo.5)(Mgs.0) 2 0.720 9.199
(Siz3Alo.7)(Mga.6Alg2) 3 0.708 9.201
(SizAlo.8)(Mgy.gAlo2) 4 0.708 9.214

(Siz.1Alp.0) (Mg gAlo.2) 5 0.708 9.217

(Siz0Al.8)(Mgs.0) 6 0.720 9.219
(Sis0Al1.0)(Mgs.6Alg2) 7 0.708 9.221

(i3 0Al1.0) (Mg3.0) 8 0.720 9.237

Trioctahedral smectites

(Siz.6Alo.4)ZNn3 Sauconite 0.740 9.192 Higashi et al. (2002)
Sis(Zn,6lio4) Zn-hectorite 0.743 9.150

Sig(Mg; eLio.a) Hectorite 0.725 9.120

Hectorite

Sig(Mg; 67Lio.33) Hectorite 0.724 9.096 Decarreau (1980)
Zn-stenvensite series (SizZn,) Petit et al. (2008)
SiaZny 77 Zn8o 0.740 9.198

SisZn, o7 Zn100 0.740 9.198

SiaZNy g0 Zn120 0.740 9.210

SiszZn; 90 Zn150 0.740 9.180

SisZny.g7 Zn200 0.740 9.150

Stenvensite series (SiyR3’¢) Decarreau (1983)
SizNis_g Ni 0.690 9.087

SigMgs ¢ Mg 0.720 9.144

SisZns ¢ Zn 0.740 9.219

SisFe’s Fe 0.780 9.270

Sis(Mgo.82ZN0 18)3-¢ Zn 0.18 0.724 9.150

Sis(Mg0.43ZNg 47)3-¢ Zn 0.47 0.729 9.190

b is a crystallographic parameter (A).
R=mean ionic radius of octahedral cations (A; see text for details).
“Sample reference in the paper.

made for natural and synthetic saponites (light green squares and
triangles in Fig. 9a, respectively). For the synthetic saponite series
with the general SF (Siy_,AlL)(Mg_,)Al,)Na,_, (with 0.33 <x <1
and y=0 and 0.2, giving R of 0.720 and 0.708, respectively),
Suquet et al. (1981) established the following relationship:
b=9.174+0.079"VAl - 0.07""Al Tetrahedral Al increases b,
while octahedral Al decreases b. For y=0, x corresponds to the
layer charge and to the 'VAl content, and b increases linearly
with it (Fig. 10b). For y=0.2, the variation appears to be
non-rigorously linear (Fig. 10b). Unfortunately, without having
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strong confidence in the accurate VAl and Y'Al contents (Suquet
et al., 1977), we cannot discuss this matter further.

The vertical dot alignments are also observed on the b/b vs R
plot (Fig. 9b). Most of the samples lie below the (P-T)’ line. Those
that are the most above the line are synthetic samples that display
b/by. > 1 and are suspected to be erroneous. A small underesti-
mation of the tetrahedral charge may induce a deviation from
the (P-T)’ line. For example, modifying the VAl content from
0.46 to ~0.62 for sample A of Chemtob et al. (2015), which exhi-
bits the greatest deviation, would place it on the (P-T)’ line.

050 055 060 065 070 075 0.80
R(A)

Figure 9. (A) b vs mean ionic radius of octahedral cations R for smectites (Table 5). (P-T) corresponds to the pyrophyllite-talc regression line (Fig. 8a). Triangles =

synthetic smectites: red = (SiAl)4(Fes_,AL); light blue = (SiGa)4(Fel yGa,); green = (Si,_,Fe®

-+

Fe3"; brown = (SiFe®"),(Fe**Mg),; pink = Fe*"-saponite series; light green

= (Sig_xAl)(Mg(5_Al,); yellow = Zn-stevensite; dark blue = stevensite series; dark blue open symbol = hectorite; black open symbol = hectorite and Zn-hectorite. Other
symbols = natural samples. Squares =samples from Radoslovich (1962): blue = beidellites; red = montmorillonites; green = nontronites; light green = saponites; yel-
low = sauconites; dark green = griffithite; black = hectorites; orange = stevensites; black = volkonskoites. Pink circles =samples from Brigatti (1983): open circles =
nontronites; full circles=Al- and Fe** -montmorillonites. Green circles = dioctahedral smectites (Russell & Clark, 1978); red open circles = dioctahedral smectites
(Tsipursky & Drits, 1984); blue circles = beidellites (Post et al., 1997); brown circles = intermediary smectites (Gaudin et al., 2004). Red diamonds = dioctahedral
smectites (Heuser et al., 2013); green diamonds = dioctahedral smectites (Koster et al., 1999); open green diamonds =other nontronites; brown diamonds =
other intermediary smectites; blue diamonds = vermiculites. (b) b/biet. ratio vs the mean ionic radius of octahedral cations R for the same samples (and colour
code) as (a). (P-T)’ corresponds to the pyrophyllite-talc regression line derived from Fig. 8b.
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Figure 10. b vs tetrahedral substitution rate for selected smectites (Table 5). (a) Data for synthetic dioctahedral smectites series: red = (SiAl)A(Fe?{,X)AIX; Petit et al.,

"

2015); light blue = (SiGa),,(Fef{_X)GaX; Petit et al., 2016); green = (Si,_Fe®",)Fe3" (Baron et al., 2016b). (b) Data for synthetic saponites (Suquet et al., 1977), with blue
circles representing the y =0 series and red circles representing the y =0.2 series (see text for details). (c) Data for natural beidellites (Post et al., 1997).

The specific influence of the tetrahedral composition when R
varies, even in a simple system, is difficult to measure. For the syn-
thetic Al-Fe’" smectitic series (SiAl),(Fe(ynAL), with 0-1.66 Al
and 0.34-2 Fe*™ (Table 5; Petit et al., 2017), b increases with R
(i.e. with increasing octahedral Fe’"), with a greater slope compared
to the (P-T) line (Fig. 9a). For this series, Petit et al. (2017) observed
that tetrahedral substitutions were dominated by Al except when
total Fe exceeded 1.8 pfu, and tetrahedral and octahedral Fe** had
similar (and inseparable) effects on b. The specific role of tetrahedral
Al could not be measured quantitatively (see the review of Petit
et al., 2017). A similar observation can be made for the Ga-Fe>*
smectitic series (Table 5), whose dots are also aligned on a slope
greater than that of the regression (P-T) line (Fig. 9a) and whose
b values were correlated with total Fe>* (Petit et al. 2016). For
these Ga-Fe®* smectites, the great b/b slope (Fig. 9b) is due to
the combined effect of the increase in b,y due to the relative
increase in octahedral Fe** and the decrease in by, due to the
decrease in tetrahedral Ga®*. Various relations linking b with iron
content are available in the literature for iron-rich natural smectites
(e.g. Heuser et al., 2013) and generally work well, at least when Fe’*
is the dominant cation. Brigatti (1983) observed a linear correlation
between total iron and b but for Fe** > 0.5 pfu only.

For the natural beidellite sample series from Post et al. (1997),
b does not follow the general (P-T) trend. Indeed, b decreases as R
increases (dark blue circles in Fig. 9a), related to the fact that the R
and Al contents of beidellites vary inversely. b increases linearly
with increasing tetrahedral Al (Fig. 10c), resulting in b/by,, values
that are exactly the same for the four samples (0.9716 +0.0001;
Fig. 9b). Such a b/b; value corresponds to an angle of tetrahedra
rotation o & 13.7°, which is within the range of that measured in
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aluminous dioctahedral TOT phyllosilicates (pyrophyllite and
micas).

By analogy with the aforementioned other phyllosilicate struc-
tures, it is hypothesized that T sheets adjust their lateral dimensions
via tetrahedral rotation to match those of the O sheet, and all the
more so as they are further below the (P-T)’ line (Fig. 9b).

The % O enlargement vs R plot reveals an excellent alignment
of samples along the line determined for neutral TOT structures
(Fig. 11), indicating that smectite samples follow closely the same
trend as for P-T. However, it can be observed that samples that
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Figure 11. Evolution of the percentage of octahedral enlargement (Equation 6; see
text for details) vs R for the same smectite samples (and colour code) as Fig. 9.
(P-T)° corresponds to the pyrophyllite-talc regression (Fig. 8c).
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are above the line mainly have dominant tetrahedral charge (e.g.
beidellites, nontronites, saponites, sauconites, vermiculites;
Table 5). These samples are those located above the (P-T) line
(Fig. 9a; i.e. with b values greater than they should be with regard
to R). The thinning of O sheets via octahedral flattening is greater
than in neutral phyllosilicates to facilitate dimensional congru-
ency between the T and O sheets, with by, having greater values
due to tetrahedral substitutions.

In a less pronounced manner, smectites with dominant octa-
hedral layer charge (e.g. montmorillonites, stevensites, hectorites)
are either below or on the (P-T) line (Fig. 11), similarly to the
intermediary Fe**-Mg natural smectitic series (Gaudin et al,
2004) and the Fe’*-Mg synthetic series (Grauby et al, 1994)
that possess an almost constant layer charge from an octahedral
origin. For samples located below the (P-T) line (Fig. 9a), b values
are lower than they should be with regard to R, and it can be
hypothesized that the flattening of octahedra is reduced compared
to neutral TOT phyllosilicates.

When considering the whole series of samples, R covers the
entire compositional range from dioctahedral to trioctahedral
smectites, and, contrary to neutral TOT phyllosilicates, no com-
positional gaps could be observed (Figs 9 & 11). The possibility
of having various tetrahedral compositions and balancing the
negative layer charge with interlayer cations allows for a very
wide range of compositions, including di-trioctahedral smectites.
The variability in the chemistry and type of layer charge compen-
sation, associated with the difficulty of accounting for the wide
range of tetrahedral charges through b/b..., make it inappropriate
to propose a general regression correlating b to R for smectites.
One may thus assume that the (P-T) correlation line can apply
as a first-order relation, but with a greater degree of uncertainty
compared to other mineral families. To go a step further, one
could derive specific sub-correlations, as has been done for beidel-
lites or saponites (Fig. 10b,c).

Micas

Micas are 2:1 phyllosilicates having a general SF similar to that of
smectites but with a negative layer charge of ~1 pfu (true micas)
or ~2 pfu (brittle micas), balanced by anhydrous monovalent
interlayer cations (mostly K") in true micas and divalent inter-
layer cations (such as Ca®" and Ba®") in brittle micas (Fig. 7).
Illite, phengite, glauconite and, to a lesser extent, celadonite
are non-expanding interlayer-deficient mica-like minerals.
Isomorphic substitutions in O and T sheets and interlayer spaces
vary and are used to define the complex nomenclature of micas
and mica-like minerals (Bailey, 1984a; Brigatti et al, 2013).
Note that the substitution of OH™ by F~ is also common and com-
plicates the system even more. Many names and varieties have
been used previously, as can be seen for the sample series of
Radoslovich & Norrish (1962; Table 6), sometimes erroneously
(Bailey, 1984b; Rieder et al, 1998). Several synthetic and natural
sample series, which cover a very wide range of compositions,
were considered in the present study (Table 6). The Al end mem-
ber muscovite used here was issued from an average of 12 end-
member synthetic muscovites (Guidotti et al, 1992).

A global trend correlating b with increasing R was observed,
with a strong scattering of data. The two main sub-correlations
were plotted for more clarity (Fig. 12a): The muscovite-
phlogopite (M-Ph) line (K(SizAl;)(Al,_Mgs,/2)010(0OH),),
with the relation b=1.1478R+8.3794, calculated using
the synthetic muscovite and phlogopite end member data

https://doi.org/10.1180/clm.2023.20 Published online by Cambridge University Press

Sabine Petit et al.

(x=0 and 2, respectively); and the phlogopite-annite (Ph-A)
line (K(Si3All)(Mg3,xFe2+x)Ow(OH)2), with the relation
b=2.3942R + 7.4821, calculated using the synthetic phlogopite
and annite end member data (x=0 and 3, respectively;
Table 7). Accordingly, the true micas with tetrahedral Al and K
contents with the 0.8-1.2 pfu compositional window are located
on or not far from these lines. The synthetic Mn-mica end mem-
ber exhibits the greatest R and b values and is relatively close to
the (M-Ph) line. By contrast, interlayer-deficient micas
("VAl-poorest micaceous samples), Na-micas, brittle micas and
synthetic ferri-annites and Ge-micas are generally located far
from the (M-Ph) and (Ph-A) lines (Fig. 12a).

Data points for Li-bearing micas are scattered strongly
(Fig. 12a). However, a deeper analysis of the data shows that b
values decrease globally with increasing Li content (Fig. 13a),
but increase with increasing 'VAl content (Fig. 13b), with Li and
tetrahedral Al being negatively correlated (Fig. 13c). These corre-
lations illustrate the impact of Li content on b and that the chosen
value for r(VILi") used in the calculation of R is critical for these
samples. The choice of a r(VILi") value close to that of other octa-
hedral cations (e.g. Mg or Fe*") can reduce the range of obtained
R, whereas an increased contrast between r(¥'Li*) and that of
other cations can lead to a spreading of the calculated R values.
In the present case (Fig. 13d), the b vs R dataset appears more
scattered for r(VILi*) at 0.76 A than for lower r(V'Li") values
(Fig. 13e), probably demonstrating an overestimation of the cho-
sen r(V'Li*) at 0.76 A (Table 1; Shannon, 1976). The ionic sizes
for Li cations in other coordination numbers, such as r(*YLi")
and r(VLi"), are 0.59 A (Shannon, 1976) and 0.69 A, respectively
(Brown & Shannon, 1973). This could help us to enlarge the R
window, but structural refinement of the studied micas excludes
their occurrence (Brigatti et al, 2000, 2001, 2007). As discussed
above for Mn in groutite, Li octahedra are probably considerably
distorted in Li-rich micas. However, the maximum distortion for
octahedra in M-O bonds is limited to ~107 A (Brown &
Shannon, 1973) and alone cannot account for the potential
decrease in the r(VILi") size. For Li-micas, the substitution of
OH™ by F is common, and the value of r(VLi") = 0.685 A, as
in LiF, was tested and found to improve the correlation between
b and R (Fig. 13e). Lowering the values of r(VLi") gradually to
r(V'Li*) =0.535 A further increases the regression coefficient
(Fig. 13d-f). Radoslovich (1962) observed that for Li-micas, Li
behaves similarly to Al with regard to the variation in b with com-
position, and he used r(V'Li*) = 0.60 A. A low r(¥'Li*) is found in
the Li;AlFq perovskite-like structure, where VILi-F bond lengths of
1.95 A were measured (Jain et al,, 2013), leading to VLY =062 A
(with r(F7)=1.33 A). By contrast, Weiss et al. (1985) found good
agreement between the mean fictive ionic radii calculated from
66 refined crystal structures of micas, including Li-bearing ones,
and the crystal radii of Shannon (1976). However, Bailey (1984b)
observed that the relative ratio of large octahedra (especially Li*
with the crystal radii of Shannon, 1976) over small octahedra mea-
sured using structural refinement is not always in agreement with
the ratio of large to small octahedral cations present. In such a
case, the ordering pattern with Li occurring both in small and
large sites has been described in lepidolites, agreeing well with
the suitability of a lower r("'Li") value than that proposed by
Shannon (1976). Regarding the correlative approach used in the
present study, an estimated r(¥'Li*) of ~0.6 A is suggested to be
adequate. Accordingly, the whole b vs R dataset shown in
Fig. 12a can be replotted considering VLY =06 A (Fig. 12b),
and the data points for Li-micas are logically less scattered and
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Mica (anhydrous composition) Sample? R References Comments
Synthetic mica
(SizAly) (AlL)K 2M muscovite 0.535 8.995 Yoder & Eugster
(1955)
(SizAly)(AlL)K Muscovite 0.535 8.992 Guidotti et al. Average of 12 muscovites
(1992)
Radoslovich & As named in the paper
Norrish (1962)
(SizAly)(AlL)Na 32 0.535 8.900 Paragonite
(SizAly)(Mga)K 27 0.720 9.204 Phlogopite
(SisAly)(Mgs)KF 28 0.720 9.195 Fluorophlogopite
Frondel & Ito (1966)
(SizAly)(Mn3)K Mn-mica 0.830 9.37
(SizAlL)(Znz)K Zn-mica 0.740 9.32
Synthetic series (SisAl;)(Mgs_R*"JK Hazen & Wones
(1972)
Mgs M#1 0.720 9.204
Cos M#114 0.745 9.240
Cus M#29 0.730 9.238
Nis M#115 0.690 9.175
Mg, sFegs 0.169 0.730 9.230
Mg, 2sFed s 0.250 0.735 9.242
Mgy saFe o6 0.352 0.741 9.260
Mgy gsFess 0.450 0.747 9.276
Mgy asFeles 0.550 0.753 9.285
Mgo.7Fe3’s 0.765 0.766 9312
Mgo.s6F€3 6 0.880 0.773 9.335
Fe3" Fe3" 0.780 9.347
Synthetic series (Siz Aly+.)(Mg.Fe”" ALK Hewitt & Wones
(1975)
(Si;Al)(Mg3) 222-69 0.720 9.206
(SizAly) (Mg 25Fed’s) 4573 0.735 9.243
(Si3All)(Mg2‘01FeS§9) 40-73 0.740 9.253
(SisAly)(Mgy soFed’so) 53-73 0.750 9.280
(SisAl;)(Mgo 75Fe3 ) 68-73 0.765 9312
(SizAl;)(Fe3") 142-70 0.780 9.352
(Siz.g7Al1 1) (FeS57Al0.13) 67-73 0.770 9.339
(Siz.83Al1.17) (Mg2.83Al0.17) 55-73 0.710 9.193
g
(Siz.75Al1.25) (Mg2.75Alo 25) 189-70 0.705 9.191
(Siz.75Al; 25) (M5 06Fed50Alo 25) 28-73 0.718 9.230
g
(Siz.75Al1 25) (Mg 375F€3 375Al0.25) 29-73 0.732 9.267
(Siz.75Al; 25) (MEo 6oFe206Alo 25) 11-72 0.746 9.301
(Siz.75Al1 25) (Fe375Alo.25) 143-70 0.760 9.336
(Siz.szAll.ag)(F9%22A10.38) 4-72 0.749 9.325
(Siz.50Al1.50) (Mg2.50Alo.50) 224-69 0.689 9.170
(Siy.50Al1.50) (M 1_95Fe%},5Alo_50) 153-70 0.700 9.201
g
(5i2.50AI1450)(Mgl,ssFegnglo.so) 26634 0.702 9.207
(Siz.50Al1.50) (Mg1 25Fe355Al0.50) 13-12 0.714 9.240
(Siz.soAlLso)(MngFeﬁmAlo,so) 193-70 0.717 9.251
(Siz.50Al1.50) (MEo 70FeT50Alo.50) 152-70 0.725 9.271
(Siz.50Al1.50) (Mg 625F€3 375Al0.50) 14-72 0.727 9.279
(Si2_50Al1_50)(Fe%ggAlo_5o) 38-73 0.739 9.312
(Siz.37Al1 62) (Fe357Al0.63) 6-72 0.729 9.295
(Si2.37Al1.63) (Mg2.37Al0.63) 179-70 0.681 9.164
g
(Siz25Al1.75) (Mg goFed 56Alo.75) 15-72 0.685 9.190
(Siz.25Al1 75) (Mg 125F€3 1 25Al0.75) 16-72 0.696 9.225
g
(Siz.25Al1.75) (Mgo ssFed 5oAlo.75) 17-72 0.708 9.261
(Siz.25Al1 75) (Fe355Al0.75) 7-72 0.719 9.287
Synthetic series (SiAl),(Fe**Fe’Mg)sK P (bar); T (°C) Wones & Eugster
(1965)
Mg, 1FedssFep s 1035; 850 0.719 9.238
Mgy.0sFed coFegas 1035; 750 0.721 9.238
Mg 1oFed 42Fed 30 2070; 900 0.719 9.233
Mgy.0sFe5 coFes.as 2070; 800 0.721 9.238
Mg, soFelseFes 1035; 800 0.741 9.262
8159 e%;ze eg;ls ;
Mgo.03FeTssFe0.21 1035; 700 0.752 9.296
g
Mg soFelsoFed’s 2070; 800 0.746 9.281
Synthetic series (SiyAlJ(Mg,AlL)K Robert (1976)
(SizAl)Mg3 1 0.720 9.209
(Si2.875A11.125) (Mg2.875Al0.125) 2 0.712 9.206
(Siz.825Al1.175) (Mg2.825Al0.175) 3 0.709 9.201
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Table 6. (Continued.)

Mica (anhydrous composition) Sample? R b References Comments
(Siz.775Al1.225) (Mg2.775Al0.225) 4 0.706 9.199
(Siz.750Al1.250) (Mg2.750Al0.250) 5 0.705 9.198
(Siz.625Al1.375) (Mg, 625Al0.375) 6 0.697 9.191
(Siz.500Al1.500) (ME2.500Al0.500) 7 0.689 9.185
(Siz.812Al1.188) (Mg2.738Al0.238) 8 0.705 9.195
(Siz.925Al1.075) (Mg2.715Al0.215) 9 0.706 9.191
(Siz.575Al1.425) (ME2.500Al0.475) 10 0.690 9.173
(Siz.650Al1.350) (ME2.500Al0.450) 11 0.692 9.182
(Siz.725Al1 275) (Mg2.500Al0.425) 12 0.693 9.186
(Siz.800Al1.200) (ME2.500Al0.400) 13 0.694 9.187
(Siz.775Al1.225) (Mg2.325Al0.525) 14 0.686 9.171
(Siz.g62Al1.138) (ME2.338Al0.485) 15 0.688 9.172
(Siz.687Al1.313) (Mg2.313Al0.563) 16 0.684 9.168
(Siz.600Al1.400) (ME2.300Alo.600) 17 0.682 9.165
(Siz.512Al1.488) (Mg 285Al0.635) 18 0.680 9.162
(Siz.425Al1.575) (Mg2.275Alo.675) 19 0.678 9.159
(Si2.400Al1.600) (Mg2.100Al0.500) 20 0.671 9.160
(Siz,sooAlmoo)(M82A125A|0.750)b 21 0.672 9.162
(Si2.600Al1.400) (ME2.150Al0.700) 22 0.675 9.163
(Siz.700Al1.300) (Mg2.175Al0.650) 23 0.677 9.168
(Siz.537Al1.463) (ME2.013Al0.813) 24 0.667 9.155
(Siz.650Al1.350) (ME2.050Al0.750) 25 0.670 9.150
(Si2.762Al1.238) (M85, 088Alo.685) 26 0.674 9.155
(Siz.625Al1.375) (Mg1.950Al0.825) 27 0.665 9.150
(Siz.750Al1.250) (ME2.000Al0.750) 28 0.670 9.155
(Sia)(Mga.5) 29 0.720 9.108
Synthetic K-micas Redhammer & Roth
(2002)
(Siz.02Al1.08) (NizAlg 04) NiPhl 0.688 9.180
(Siz.92Al1.08) (Mg2.98Alo.03) Phl 0.718 9.204
(SisGa)(Mgs) GaPhl 0.720 9.214
(Siz.91Al1.09)(C02.94Al0.06) CoAn 0.741 9.247
(Siz.01Al;.00) (M5 6sFed53Al0.03) A20#2 0.725 9.225
(Siz.01Al;. 09)(Mg2A53Feég3Alvo3) A20#4 0.725 9.225
(Siz.06Al1.04) (M2.45F €5 53Al0.03) A40 0.729 9.231
(Siz.01Aly.00) (ME2.35F €] 58Al0.01) A60 0.733 9.247
(Siz.97Al1.03) (Mg, 10F€5 52Al0,.01) Mgal.2 0.736 9.254
(Siz.04Al;. 06)(Mg2A51Feéf50AloA01) Mgal.6 0.729 9.224
(Si2.91Al1.09) (Co1.67Ni1 32Al0.04) CoNil.8 0.718 9.220
(Siz28Al.72) (Alo.70F€3 1) Sd87 0.715 9.289
Synthetic K-(SizAl;)-micas (octahedral composition) Mercier et al. (2005) Structure refined
JLRMgCo
(Coo3Mg,.7) 0.3 0.723 9.206
(Coo.sMg2.4) 0.60 0.725 9.205
(Coo6Mg>.4) 0.60 0.725 9.211
(Coo.sMg2.1) 0.90 0.728 9.212
(Co1,Mg16) 12 0.730 9.216
(Co1.5Mgy 5) 15 0.733 9.218
(Co1.gMg12) 18 0.735 9.227
(Co2.1Mgos) 2.1 0.738 9.237
(Co,.4Mgos6) 2.4 0.740 9.234
(Co2.4Mgo.6) 24 0.740 9.238
(Coz.7Mgo23) 2.7 0.743 9.244
(Cos) 3 0.745 9.247
JLRMgFe
(Mgs) 0 0.720 9.204
(Feo.sMg;.4) 0.6 0.732 9.223
(Fe12Mg16) 12 0.744 9.254
(Fe1,Mg1.6) 12 0.744 9.262
(Fe1.5Mg12) 18 0.756 9.295
(Fez.4Mgos6) 2.4 0.768 9.310
(Fes) 3 0.780 9.350
FeNiGR
(Nis) 3 0.690 9.177
(Feo 5Nz g) 2.8 0.696 9.191
(Feg 6Nz 4) 2.4 0.708 9.213
(Fe;Niy) 2 0.720 9.242
(Fe1 4Niy6) 16 0.732 9.261
(Fe1 gNiy 5) 12 0.744 9.285
(Fez2Nio.g) 0.8 0.756 9.308

(Continued)
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Table 6. (Continued.)

Mica (anhydrous composition) Sample? R b References Comments
(Fez6Nio.4) 0.4 0.768 9.329
Synthetic 2M; K-mica series Zviagina & Drits Selected data from Schmidt
(2019) et al. (2001)
(Siz.087Al0.013) (Al1.021MEo.974) P13-1 0.625 9.016
(Si3.047Al.053) (Aly.053ME0.957) P17 0.623 9.019
(Siz.823Al0.177) (Al1.135MEo.838) P11-2 0.614 9.021
(Si3.817Al0.183) (Aly.187ME0.500) P18-2 0.610 9.028
(Siz.662Al0.338) (Al1.341MEo0.662) P12-1 0.596 9.032
(Si3.642Al0.358) (Aly.35:M8o.654) P15 0.595 9.031
(Si3.478Al0.522) (Aly.574MEo.416) P28 0.574 9.024
(Si3.401Alo.599) (Aly.57sME0.442) P25 0.575 9.026
(Si3.288Al0.712) (Al1.708MEo0.308) P33 0.563 9.022
(Si3.219Al0.781) (Aly.770ME0.249) P30 0.558 9.015
(Siz.176Alo.524) (Al1.773ME0.292) P26 0.561 9.025
(Si3.124Al0.876) (Al1.918M80.108) P31 0.545 8.998
(Siz.113Al0.857) (Al1.208MEo0.097) P29 0.544 8.997
(Siz.81Alo.10) (Aly 21 Mgo 75Fed oa) 2M, Al-celadonite 0.609 9.037
Various synthetic micas (collected data) - K as the Brigatti & Structure refined
main interlayer cation if not specified Guggenheim
(2002)
(Si3.45Alo.55) (Al1.g8)Nag o1 2 0.535 8.890 Paragonite
(Siz.84Al;.16) (Lio 77M82.23)Bag 97F2.08 15 0.730 9.157 Lithian kinoshitaite
(Siz.07Alo.03Fed 50) (Fe357Fed.03)Cso g0 60 0.779 9.506 Caesium tetra-ferri-annite
(SisoFedt)(Fedb) 61 0.780 9.404 Tetra-ferri-annite
(Siz.08Al1.02)(Mg5.97)F2.08 72 0.720 9.183 Fluoro-phlogopite
(Sig.0)(Liso Alyo)Fs0 96 0.685 8.968 Polylithionite
(Si3.25 Alo.75)(Mg2 oL io.20)F2.0 97 0.723 9.210 Li-containing phlogopite
(Siz.08 Aly.02)(Mg2.97)F1.04 98 0.720 9.195 Fluoro-phlogopite
(Ges o Alyo)(Mg1.04MN1 046)F2.0 102 0.775 9.509 Tetra-Ge-Mn-F phlogopite
(Ges g Aly0)(Mg3.36MNg 64 Aly0)Fa0 103 0.743 9.413 Tetra-Ge-Mn-F phlogopite
(Sia.0)(Mg2.50)F2.0 104 0.720 9.086 Tetrasilicic-F phlogopite
(Siz.0)(Mgz.0Li1.0)F20 105 0.733 9.065 Tainiolite
(Ges.0)(Mgy.5)F20 106 0.720 9.353 Tetra-Ge-F phlogopite
(Ge4.0)(Mga0 Lizo)Fa0 107 0.733 9.341 Tetra-Ge tainiolite
(Siz50 Alo.50)(Mg2.75)F2.0 108 0.720 9.164 Fluoro-phlogopite
(Gesp Alyo)(Mgs.0)Fa0 109 0.720 9.345 Tetra-Ge-F phlogopite
(Siz.g2 MNg.18)(Mg5.44MNg24)Fa 0 110 0.728 9.157 Fluoro-phlogopite
Natural micas (anhydrous composition - K as the
main interlayer cation if not specified)
Muscovites and phengites Zviagina & Drits
(2019)
(Siz.12Alo s8) (Aly gsFed14Mgo 1) 1 - muscovite 2M;  0.553 9.016
(Si3.06Alo.94) (Al1 72F€315MEo. 10Tio.0aMNG 02) 2 - muscovite 2M; 0.548 9.018
(Sis.16Alo.84) (Aly saFed nsFed 01MEo 10) 3 - muscovite 2M;  0.548 9.000
(Sis.102Alo.08) (Aly.goF €3 o2F €3 0sMgo.06 Tio.01) 4 - muscovite 2M;  0.548 9.008
(Si.10Alo.00) (Aly g3Fe316Mgo.01) 5 - muscovite 2M;  0.556 9.021
(Si3.11Alo.50) (Al s6F€5 04ME0.05Cro.06) 6 - muscovite 2M, 0.549 9.011
(Siz.00Alo.01) (Al; s3F€d.57MEo.06) 7 - muscovite 2M;  0.552 9.004
(Siz.07Alo.03) (Aly gsFedi7Mgo 06 Tio.03) 8 - muscovite 2M;  0.550 8.996
(Siz.03Alo.07) (Al1 gsFed.01Fe5.06MEo.07Tio.0) 9 - muscovite 2M; 0.550 9.013
(Si3.00Alo.01) (Aly 71Fe316F€513MNG01) 10 - muscovite 2M;  0.561 9.035
(Si3,2'92Al1‘08)(All‘gsFegfogMgo‘osTio‘oz) 11 - muscovite 2M;  0.545 8.991
(Sis.18Alo 52) (Aly gaFed hsFedinsMgo 16 Tio.00) 12 - muscovite 2M;  0.565 9.022
(Si3,013Alo‘gz)(AluBFegfuMgOAUGTiom) 13 - muscovite 2M;  0.557 8.982
(Siz30Alo.70) (Aly 65Fed 50 Tio 0aMN3 57) 14 - Fe-rich 0.581 9.074
muscovite 2M,
(Siz.26Alo.74) (Aly g7Fe334Mgo.04) 15 - Fe-rich 0.579 9.052
muscovite 2M,
(Si3.25Alo.75) (Aly.51Fed15Mgo, 27 Tio.01Cro.00) 16 - Mg-rich 0.582 9.043
muscovite 2M,
(Si.38Alo.62) (Aly ssFed’1Mgo 4 Tio.00) 17 - phengite 2M;  0.583 9.051
(Si3,45Al0A55)(AIMZFe§f24Mgo‘33Tio‘o4) 18 - phengite 2M; 0.595 9.057
Dioctahedral true micas (collected data) Brigatti & Guggenheim Single crystal refinement
(2002) structure
1M space group C2
(5i3.51AloA49)(AlLazFegfosFegmego,mMnvo4) 1 0.556 8.952 Muscovite
1M space group C2/c Muscovite
(Siz.11Alo.80) (Al g3Fed12Fed 36MEo.06) 4 0.547 8.996 Muscovite
(Sis.30Alo.70) (Aly gsFe35oMNg 67 Tio 01) Fo.22 5 0.581 9.074 Muscovite
(5i3.1sAloA82)(AlusFec2>jr1zMgo,osTio,o4) 6 0.557 8.982 Muscovite

(Continued)
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Mica (anhydrous composition) Sample? R References Comments
(Siz.02Al; 08) (Al ssFed 0oME0.03Tio.02)Fo.11 7 0.545 8.991 Muscovite
(Sis.03Alo.o7) (Aly gsFed 01Fed 06ME0.07 Tio.00) 8 0.550 9.013 Muscovite
(Si3.00Alo.91) (Aly 71Fe 16F€5 13MNo.01)Fo.22 9 0.561 9.035 Muscovite
(Siz.18Al0.82) (Aly.g3Fed 57Mgo.07Tio.06) 10 0.552 9.005 Muscovite
(Sis.07Alg 3) (Al ssFed 57MEo.06Tio.03)Fo.10 1 0.550 8.996 Muscovite
(Siz.00Alo.01) (Alyg3Fed 57Mg0 07 Tio.06)Fo.23 12 0.552 9.004 Muscovite
(Si3.17Alo.53) (Aly 78F€5 13Mo.15Tio.04)Fo.10 13 0.565 9.003 Muscovite
(Siz.s7Al1.13) (AlygoFed 57Mgo.15Tio.05) Fo.41 14 0.558 8.997 Muscovite
(Sis.18Alo g2) (Aly saFed 0sFedi0sMEo 16 Tio 0a) 15 0.565 9.022 Muscovite
(Siz.11Alo.80) (Aly.s6Cro.06F€3.04ME0.0 Tio.04) 16 0.550 9.011 Cr-containing muscovite
(Si3.07Alo.93) (Al 84Cro.10F€d.0.M80.02Tio.02) 17 0.544 8.979 Cr-containing muscovite
(Siz.14Alo.86) (Al1.83Cro.11Fe310ME0 11 Tio.03) 18 0.561 9.040 Cr-containing muscovite
(Siz.02Alo.08) (Al 27Cr1 42Fedi01M80 16Vo.13)Fo.30 30 0.616 9.103 Chromphyllite
(Si3‘09Al0,91)(Al1A93Fe§f01MgoA01Mnom) Foi2 33 0.539 8.950 Muscovite
(Siz.02Al.98) (Al 90Feo ozFeo 05ME0.06Ti0.02) 36 0.548 9.008 Muscovite
(Siz.30Alo.61) (Al 4sFed osFed beMgo 5o Tio.o1) 37 0.593 9.038 Magnesian muscovite
(Si5.94Al1.06) (Al 99F€0.03ME0.01 Tio.003) (Ko.0aNao 92Ca0.02) 39 0.538 8.898 Paragonite
(Sis.01Alo 68F€314) (Al g7MNG 53MEo,.06Tio.01) Fo.14 45 0.542 9.027 Muscovite
(Si3.00Alo.91) (Al1 81F€d1aME0.12)Fo.19 46 0.562 9.015 Muscovite
(Siz.08Al1.02) (A|1A93Fe%})2Mgo.1o)(Ko.loNao,eocao4o3) 48 0.546 8.894 Paragonite

2M, space group C2/c
(Si3.16Alo.84) (Al1 64F€517M0.25Li0.15) (Ko.06CS0.88Rbo.01) 49 0.588 9.076 Nanpingite

FO.Zl

3T space group P3;12
(Si3.34Al0 56) (Aly.54F€0.25M80 21 Tig.04) 51 0.563 9.028 Muscovite
(Si3.54Al0.46) (Aly.41ME0 60 Ti0.02) 52 0.590 9.033 Magnesian muscovite
(Si3.11Alo.59) (Al coaF €D 0aME0.08 Tio.01) 53 0.551 9.000 Muscovite
(Siz.06Al1.04) (Al2.02F€3.01ME0.01)(Ko.16N@o.71Cag.03) 54 0.536 8.889 Paragonite
Dioctahedral brittle micas (collected data) 2M, space group Cc
(Siz.11Al1 g0) (Aly 0oFed'51Mg0.03)Ca0.s1N20 10 19 0.539 8.828 Margarite
(Si1.92Al.08) (Aly 96F€0.03ME0.10Li0.12)Cao.73Na0 23 21 0.557 8.857 Margarite
Trioctahedral true micas (collected data)

1M space group C2/m
(Siz.74Al1 26) (Alo 24F el 000F €3 12ME2.48MNo 01 Tio.02) 1 0.705 9.195 Phlogopite
(Siz.65Aly.35) (Alo.24F€5 007F €D 11ME2.55MN0,.01 Tio.02) 2 0.705 9.180 Phlogopite
(Siz.60Al1.40) (Alo.1sFed 1 sFed 6sMg2 63 Tio.01) 3 0.705 9.189 Phlogopite
(Siz.50Al1 50) (Al0_47Feg_*lSFegmegz_BMn0_04Ti0_01) 4 0.692 8.179 Al-phlogopite
(Siz.60Al;.40) (Alo, zoFeo nFeo 04aMg2.6aMNg 01) 5 0.706 9.199 Phlogopite
(Siz81Al1 30 (Alo osFeo 'soFed 70Mg1.54MNg 02 Tio 20) 6 0.712 9.244 Ferroan phlogopite
(Sis.50Al. 37Fe0 13)(Fel 05 Mgo 92MNg01Tio.67) 7 0.715 9.244 Magnesian annite
(Siz.7gAly 1oFed; 03)(Fe0 45Fe0 oMg1.43MNg 01 Tig 23Li0.01) 8 0.717 9.258 Ferroan phlogopite
(Si.80Al1.20) (Alo.01 Fed ueFed 71Mg1 50MNo 03 Tio 15Li0.01) 9 0.719 9.353 Ferroan phlogopite
(Siz.76Al1 21) (Alg.0sFed 5oFed 65Mg1.35MNg 03 Tio 20Li0.01) 10 0.695 9.242 Ferroan phlogopite
(Siz.74Al1 26) (Alg.02F el 56Fed seMg1. 39MNg 02 Tio 25Li0.01) 11 0.718 9.258 Ferroan phlogopite
(Siz.a5Al1.15) (Alo.0sFed54Fed 51Mg1 3sMNg 03 Tio 23Li0.02) 12 0.718 9.251 Ferroan phlogopite
(Siz.04Al1.06) (Alo.01Fel15Fed 06Mg2.33MN 01 Tio 41)Fo.70 13 0.700 9.207 Titanian phlogopite
(Siz.68Al1.32) (Alo.93Fed 41F €5 30ME1.10MN.03Tio.14) 14 0.656 9.219 Al-phlogopite
(Siz.68Al1.32) (Alo.14Fed 5sFel 1M 00MNg 01 Tio.17) 15 0.702 9.222 Ferrian phlogopite
(Siz25Alo 75) (Fe27aMg1 70MNg 01 Tio.40) Fo.31 16 0.716 9.245 Ferroan phlogopite
(Siz.75Al1 25) (Alo.02F€d 36F €3 60ME1.61MN0.01 Tio.37)Fo.2 17 0.707 9.230 Ferroan phlogopite
(Sia.65Al1.35) (Alo.12Fed 47F €5 42ME1.65MNo.01 Tio.14) 18 0.704 9.219 Ferrian phlogopite
(Siz.62Al; 38) (Alg.13Fed72Fed5oMg1 67MNg 01 Tio 1) 19 0.701 9.224 Ferrian phlogopite
(Siz.50Al1 41) (Alo 24Fed53Fed 76Mg1 55 Tio.17) 20 0.708 9.241 Ferroan phlogopite
(Siz.g6Al1.14) (AIOAZZCromFeéggMgzuMno‘ngio‘M)FoAzo 21 0.708 9.207 Ferroan phlogopite
(Siz.01Aly 09)(Cro.3FeD; 2sMgz 42Mng 01 Tio.1)Fo.72 22 0.718 9.190 Phlogopite
(Siz.03Al1.07) (Alg.09Cro, usFeo "5oMg1.60MNo.03Tio.52)Fo.57 23 0.706 9.228 Ferroan phlogopite
(Siz.a7Al1 13) (Alo.15Cro.07Fed50ME1 60MNg 03 Tio 33)Fo.30 24 0.707 9.204 Ferroan phlogopite
(Siz.00Al1.10) (AIOAO4Cr0‘05Fe0A50MgzogMnomTlo 27)Fo0.44 25 0.717 9.190 Ferroan phlogopite
(Siz.73Al1.27) (Alg.01Cro, 01Fe0 "94Mg1.48MNg 05 Tio 30) 26 0.724 9.235 Ferroan phlogopite
(Siz.g1Al;.19) (Alg 0sCro, 01Fe1 5aMg1 40MNg 02 Tio 23)Fo 31 27 0.731 9.256 Ferroan phlogopite
(Si, 76Aly. 24)(Al0 10Cro.01Fe 30Mg1 24Mng 01 Tig.20) 28 0.727 9.215 Magnesian annite
(Siz.g4Aly. 04Fe0 ") (Fea s 16Fe0 "00Mgs 65Tio.08) 29 0.715 9.211 Phlogopite
(Sip.g0Aly. 13Fe0 05)(Fe0 22Fe0 09M82.60Ti0.09) 30 0.713 9.230 Phlogopite
(Si.g1Aly, 14Fe0 05)(Fe0 23Feo 09Mg5.57Tio.10) 31 0.712 9.219 Phlogopite
(Si,. 71Al1 soFes; 24)(Fe0 HaFedlsaMg1 6oMNg 65 Tio 15) 32 0.720 9.244 Ferroan phlogopite
(Sis, uFeU o) (Fear 05Fe0 "17Mg5 70Tio.01)Fo.14 33 0.722 9.270 Tetra-ferriphlogopite
(Siz.orFep. 93)(Fe0 osFeo 17Mg2 75Mng 01 Tio 01) 34 0.723 9.277 Tetra-ferriphlogopite
(Sin.g2Aly. uFeu 07)(Fe0 l5Fe0 08Mg2.6sMNo 01 Tio.08)Fo.11 35 0.715 9.239 Phlogopite
(Si, gsAly. 07Fe0 os) (Fed s 19Fe0 "07Mg2 65 Tio.05) 36 0.715 9.214 Phlogopite
(Siz.s5Al1.10F €3 05) (Fed 21 Fed 57Mg2.64MNg 01 Tio.06) 37 0.714 9.235 Phlogopite
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Mica (anhydrous composition) Sample? R References Comments
(Siz76Al1 10F €3 05) (Fed 30Fed5eMgs 17MNg 01 Tio 13) 38 0.715 9.238 Ferroan phlogopite
(Siz74Aly15Fed 1) (FedhsFed5aMgs 16MNg 01 Tio 13) 39 0.716 9.228 Ferroan phlogopite
(Siz.01Alo.71Fed 36) (FEd 10F€p 22ME2 64MNg 01T 03) 40 0.721 9.247 Tetra-ferriphlogopite
(Siz15Alo.0aFeds1) (FedsFedoMgs saTio0a) 41 0.717 9.284 Tetra-ferriphlogopite
(Siz.osFedos) (FeansFed17Mgs 75 Tio.01) 42 0.721 9.288 Tetra-ferriphlogopite
(Siz.osFedss) (Fea11FedhoMga 6sMNo.01) 43 0.722 9.292 Tetra-ferriphlogopite
(Sia.77Al1 23)(Alo.18F€d 18F €T 01ME1 26MN0.02Tio 26) 44 0.714 9.252 Ferroan phlogopite
(Siz.g5Al1 5)(Alg o1 Fe2s7Mgy 15MNg 03 Tio 25)Fo.16 45 0.726 9.263 Magnesian annite
(Siz.e2Al1 18) (Alo 15Fed sFe2 Mg 10MNg 05 Tio 20) Fo.14 46 0.719 9.258 Magnesian annite
(Si.77Al1 23)(Alo 31Fed 16Fe 10ME1.23MNo.01 Tio.10)Fo.12 a1 0.712 9.260 Ferroan phlogopite
(Sia 76Aly.17F€d 07) (Fed 23Fed 38Mg2 25Mo 01 Tio13) 48 0.717 9.230 Ferroan phlogopite
(Siz.00Al1.06F€d.04) (FEd 20F€d11ME2.50MNg 01 Tio.05) 49 0.716 9.219 Phlogopite
(Siz.01Alg.13F €3 56) (Fed 30F 2 54Mg1 06MNg 02 Tig.01) 50 0.724 9.306 Ferroan tetra-ferriphlogopite
(Siz71Al1 20) (Alo 35Fed 01 Fe2'ssMgo 77MNo 04 Tio 21) 51 0.721 9.268 Magnesian annite
(Sia.62Al1.38) (Alo.saFed 01FeT 41ME0.63MN0.03Tio.17) 52 0.709 9.239 Magnesian annite
(Siz.63Al1 37) (Alo.4sFe? 4sMgo 70MNo 06 Tio 20) 53 0.714 9.257 Magnesian annite
(Si.c8Al1.32) (Alo 64Fe253Mg0 73MNg 04T 17) 54 0.702 9.222 Magnesian annite
(Siz.e0Al1.31) (Al coFeT56Mg0.73MN6 02 Tio.14)Fo.12 55 0.705 9.232 Magnesian annite
(Siz72Al1 28) (Alg soFeT 26Mgo.70MNo 03 Tio.16)Fo.15 56 0.713 9.256 Magnesian annite
(Sis.40Alo.51) (Liz.asFed02F €5 008MEo.0sMNo.03Al: 30) 62 0.659 9.011 Trilithionte
(Siz75Al1 15Fed 07 Tio.03) (FedosFed noMgy 7aMNg 6sMnas) 63 0.756 9.295 Manganoan phlogopite
(Siz.01Al1.00) (Alo 35FeT 60ME1.00Li0.34MNo 04 Tio.05) 65 0.721 9.247 Rb,Cs phlogopite
(Ko.46Cs0.23Rbo.28) Fo.a5
(Siz.81Aly.10) (Alo.0oF€5 10ME0.12MNo 05 Tio.22) 66 0.749 9.324 Annite
(Siz.05Fedos) (Mgs.0)F1.30 67 0.720 9.199 Phlogopite
(Si2.91Al1.09)(Alo.07F€d 16Mg2.70Tio.03)F1.13 70 0.718 9.202 Phlogopite
(Siy.s6Al1 07F€d 02 Tio.03) (Fed 03ME2.27MN3 40) 71 0.739 9.241 Manganoan phlogopite
(Siz.52Al1.04F€d 1) (Fe5 0sFed 13ME2 73 Tio.06)Fo.11 73 0.718 9.239 Phlogopite
(Si.03Alo.07F€d 00) (Fe3 o1 FedsoMg2 36MNo 01 Tio.01) 74 0.732 9.293 Octa-ferroan tetra-ferriphlo.
(Siz.02Alo.06F €3 52) (Fe3 5oMg2.3MNo 01 Tio 01) 75 0.732 9.290 Octa-ferroan tetra-ferriphlo.
(Siz.04Alo.7F€3 26) (FE5 0aF€p.43ME2.30MNg 01 Tio.08) 76 0.725 9.267 Ferroan phlogopite
(Siz.52Al1 10Fed 0s) (Fed 10FedaMg 36MNg 01 Tio.00) 77 0.723 9.246 Ferroan phlogopite
(Siz.a4Al1 14F €5 02) (FedosFed soMg2 23MNg 01 Tio 10) 78 0.727 9.244 Ferroan phlogopite
(Siz.00Alo.s0F €3 10) (Fe214Mg1 73MNg 04 Tio 00) 79 0.741 9.259 Ferroan phlogopite
(Siz.01Alo.92F€3 o7) (Fe52aM82.51 Tio.05)Fo.18 80 0.727 9.227 Ferroan phlogopite
(Siz.04Al1.06) (Fed 03F€5 35M82.07Tio33)Fo.03 81 0.713 9.208 Phlogopite
(Siz.12Al; g8) (Alg 93Fe0.17ME1 20Cr0.01) (Ko.02Nag g3) 83 0.666 9.050 Preiswerkite
(Siz.84Al1.16)(Alo.16F€3 56F €3 01ME1.67MN0.01 Tio34)Fo.17 85 0.677 9.210 Ferrian phlogopite
(Si.88Al1.12) (Fed 10M82.77Tio.11)Fo.51 86 0.718 9.206 Phlogopite
(Siz.97Al; 06) (FeZo7Mg1.57MNo 06 Tio.10)Fo.0a 91 0.738 9.241 Ferroan phlogopite
(Siz.36Al0.64) (Aly 13Li1.3)F1 53 93 0.656 9.010 Trilithionite
(Si.08Alo.05F€d 55 Tio.03) (Fed16Mg2.50MNo 01) 9 0.723 9.297 Tetra-ferri-phlogopite
(Siz.00F€300) (Mg3.00) 95 0.720 9.292 Tetra-ferri-phlogopite
(Siz.56Al1.14) (Alo.10F€) 71FE3 10ME1.6sMNo.01 Tio34)Fo.17 99 0.706 9.231 Ferroan phlogopite
(Siy.71Al20) (Alo 18F€3 01 Fe3 1Mo 25Li0.04MN0.05Tio 10) 101 0.758 9.311 Annite
F0.14
(Sia.00)(Liz 00MN3 oo) m 0.683 8.914 Norrishite
(Si.08Al1.02) (Alo.47Fe3 52Mgo.03Li0 33MNg 07) Fo.00 112 0.739 9.293 Al-fluoro-annite
1M space group C2
(Siz.a8Alo.53) (Al1.10F€d03F €3 15Mo.16Li1.51MNo 16)F1 67 113 0.679 9.005 Polylithionite
(Siz.a7Alo.13) (Aly 13Fed 57MEo 16Li1.41MNg 05) F 128 0.666 9.055 Polylithionite
(Siz.00Alo.01) (Aly osFed 77Fed’,6Mgo 01Lios7MNg.0s0Tio01) 129 0.673 9.14 Polylithionite-siderophylite
Fl.Zl
(Sis.33Alo.67) (Alo osFed 0oF €3 03ME0.01Li1 27MNo 50Ti.00s) 130 0.695 9.102 Masutomilite
F1s8
2M, space group C2/c
(Siz.78Al1 25) (Fed7oFed sMg 53MnNg 02 Tio 20) 131 0.713 9.249 Ferroan phlogopite
(Si.84Al1.16) (Alo 4oFed 1 7Fe2 56Mgo soMNo 01 Tio 26) 132 0.709 9.242 Magnesian annite
(Siz70Al1 21) (Alg 23Fed's1Mg1 63MN6 02 Tio 33)Fo 31 133 0.709 9.220 Ferroan phlogopite
(Siz.57Al1.13) (Alo.3aF€d 70Mg1.57MN6,002 Tio.30)Fo.26 134 0.703 9.222 Ferroan phlogopite
(Siz70Al1 21) (Ao 12Fe250Mg1 16MNg 007 Tio32)Clo.14 135 0.728 9.245 Magnesian annite
(Siz71Al1 20) (Alo soFeT56Mgo.71MNg.04Tio.16) 136 0.705 9.242 Magnesian annite
(Sia.2aAl1.16)(Alo.16F€D 01F €T 36ME1.67MNo.01 Tio 34) 137 0.685 9.212 Ferrian phlogopite
(Si3.62Al0438)(All,ZGFe%TOOZMgQUOZLiLGSMn0.04Ti0.001)F1.52 138 0.666 9.026 Polylithionite
(Siz.a6Al1.14) (Alo 10F €3 oF €3 71ME1 65MNg 01 Tio 34)Fo.17 139 0.706 9.234 Hydrogenated ferroan
phlogopite
2M; space group Cc
(Siz.00Al1.00) (Alo.s7Fed14M80 02Li0.50MNg.03) Fo.01 140 0.682 9.187 Lithian siderophyllite
2M; space group C1
141 0.604 8.872 Ephesite
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(5i2.01A|1.99)(A|2.01Fegfml—io.ssMgomMno.ooscro.m)
(Ko.001N20.94Ca0.03)
2M, space group C2/c

(Sis.49Alo.51) (Aly 30Fe3 008F €3 002MEo.05Li1.48MN0.03) Fx 142 0.656 9.023 Trilithionite
(Si.36Alo.64) (Aly 26F€31503MEo.007Li1.76MN0.03) F1.53 143 0.666 9.040 Polylithionite
(Siz.30Alo.61) (Aly40Fed 57Mgo.03Li1.03MNo 03) F1 20 144 0.637 9.032 Trilithionite
3T space group P3;12
(Si3.48Alo.52) (Aly 25F€0.015ME0.01Li1.62MN0.09) F1.54 145 0.668 9.007 Polylithionite
(Siz.07Al1.03)(Alo 68Alo 10Fed 54Fe55ZN0 05Li0 37MNg 04) 146 0.699 9.195 Lithian siderophyllite
Fl,OG
Trioctahedral brittle micas (collected data) 1M space group C2/m
(Si1.20Al5.76) (Alo ssFed 0aFed 1 1Mg2 21)Ca,Fo 14 1 0.680 9.005 Clintonite
(Si1.10Al 70) (Aly gaFed5,Mg2 14)Ca,Fo 11 2 0.685 9.006 Clintonite
(Si125Al.75) (Al 76Fed'1sMg 00)Ca 3 0.676 8.995 Clintonite
(Si1.z4Alz.7s)(Alo.esFeSTlsMgz.zz)Ca,Fo.n 4 0.683 9.026 Clintonite
(Siy.10Al. 78Fe0 "03) (Alg, 67Feo 16Mg2.17Ti0.01)Ca,Fo.10 5 0.682 9.003 Clintonite
(Siy 28Al 7oFeds,) (Al0 63Fe216Mg2 20Tio01)Ca,Fo.18 6 0.684 9.005 Clintonite
(Sip.17Aly, 33) (Alo, 17Fe0 27Mg3 53Tio.03)(Ko.41Bao.54)Fo.71 7 0.714 9.214 Potassium kinoshitaite
(Siz.03Al5 07 Al0 04Fe0 57Mg5 64MnNg 31)Ba,Fo 37 8 0.729 9.230 Kinoshitaite
(Sin.44Aly., 56)(Feo " sFe?’ 72Mgo 74Ti0.17) (Ko.23Bao.47)Fo.65 9 0.746 9.337 Ferrokinoshitaite
(Siy20Al goFed; 11)(Al0 2oFedt 05Mg2 29T, 006)Ca 10 0.678 9.013 Clintonite
(Siz.05Al1.05) (Al 22Fed 05Mg2 67MNZ 5, MN351) 11 0.724 9.250 Magnesian kinoshitaite
(Ko3sNag.11Bag ss)
(Siy.10Alp.00) (Alo 74Fe?15Mg5 05) Ca 12 0.678 9.005 Clintonite
(Si132Al65) (Alo 70F€3 11 Mg 15)Ca 13 0.679 9.005 Clintonite
(Si1.08Alp.02) (Alo s2Fed 57 Mg, 11)Ca 14 0.671 9.002 Clintonite
2M; space group Cc
(Siz.00Al1 34B€0.64) (Aly gaFedorLio.ss)Ca 16 0.583 8.763 Bityite
20r space group
Pnmn
(Siz.e4Alo.0sFed 7oFed ss) (Mgo.4sF€3 46MNo 06 Tio.01) 17 0.771 9.492 Anandite
Bag.7S50.85Cl
(S soF o2 ) (Ale saMgo asFeZ'seMnZhaMni ) 18 0.749 9.509 Anandite
2.60 1.40 0.10 g0.46 2.46 0.04' 0.04. . g
Bao.9650.84Clo.16
Li- and Fe-rich IM micas Brigatti et al. (2000) Pikes Peak batholith, central
Colorado, USA
(Si3,536AlO.464) (All.OSSTi0.001 Fe(3).+047Fe%:103 114 0.681 9.085 (OH0.143F1.746)
Mg0.002MNo.038ZN0.002L11.411)
(Siz.413Alo.587) (All.llsTi0,008Fe(3).+052Fe§,+533 55a 0.675 9.092 (OHo 206F1.627)
Mg0.010MN0.039ZNo.003Li1.111)
(Si3,412AlO.588) (All.064Ti0.006 Fe(3).+059Fe%T546 55b 0.681 9.085 (OH0.241 F1.529)
Mg0.006MNo.046ZNo.008L11.223)
(Si3.295A10.705) (All.007Ti0,002 Fe(3).+092Fe§,+705 130-1 0.686 9.128 (OH0.187F1.553)
Mg0.022MNo.062ZNo.005Li1.082)
(Si3,328AlO.672) (All.OZOTi0.005 Fe(3).+059Fe%T712 130-2 0.686 9.105 (OH0.186F1.545)
Mg0.022MNo.063ZN 0.005Li1.005)
(Si3.210A10.790) (All.OSOTi0,005 Fe(3).+072Fe§,+675 137 0.681 9.114 (OH0.244F1.739)
Mg0.012MNo.074ZN 0.006L10.974)
(Si3,303AlO.697) (All.032Ti0.011Fe(3).+141 Fe%239 104 0.676 9.122 (OHO.ZMFI.SOG)
Mg0.013MN0.011ZN 0.006Li0.969)
(Si3.3OBAIO.G92) (All.035Ti0,006 Fe(3).+118Fe§,+610 54b 0.677 9.123 (OH0.244F1.654)
Mg0.063MN0.002ZN 0.006L10.941)
(Si3,229AlO.771) (AIO.SSZTIO.UOS Fe(3).+242Fe%T648 177 0.683 9.133 (OH0.149F1.921)
Mg0.00sMNo.065ZN 0.012L10.862)
(Si3.175A10.825) (All.019Ti0,026 Fe(3).+039Fe§,+808 140-1 0.683 9.118 (OH0.248F1.622)
Mg0.052MNo.059ZN 0.011L10.855)
(Si3,235AlO.765) (AIO.981TIO.025 Fe(3).+053 Fe%EOS 140-2 0.685 9.146 (OH0.248F1.640)
Mg0.053MNo.060ZN 0.011 Lio.gs2)
(Si3.312Alo.688) (Al1 105 Tio.006F €3 046F €5 779 24 0.676 9.139 (OHo.174F1.501)
Mg0.004MN0.080ZN 0.002 Lio.765)
(Si3,057AlO.943) (AIO.SllTIO.IOZ Fe(3).+094Fe%396 47 0.700 9.233 (OH0.284F1.080)
Mg0.036MN0.079ZN 0.017 Lio.409)
(Si3.225Alo.775) (Alo 005 Tio.032F €3 00aF €1 192 103 0.694 9.144 (OHo.154F1.204)
Mg0.02sMNo.053ZN 0.013 Lio.624)
Li-poor micas
(Si2,943Al1,057) (AlOASSSTi&OZl)Fegf242Fe%227 26 0.675 9.092 (OHOA167F0.903)
Mg0.097Mn0,004zn 0.007 Li0.169)
(Si3.0,94Al0.906) (A10.349Ti0A108Feg4+159 Fe%TZZZ 33 0.681 9.085 (OHO,119F1.087)
Mgo.002MNo o79Li0.082)
Li-, Fe- and Mn-rich 1M micas Brigatti et al. (2007)
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Table 6. (Continued.)

Mica (anhydrous composition) Sample? R b References Comments

(Sis.43Alo 57) (Aly oFed 3sMgo.01MNg 17Li1 44) Hirukawa Mine 0.691 9.086 (OHo.12F 1.85)

(Si3 30Alo.70) (Aly oF €5 36Mgo,0:MNo 31Li1 3) Mokrusha Mine 0.695 9.133 (OHo.09F1.91)

(Siz.11Alo.89) (Alo o1 Tio,ozFeggsMgomM”0.52“1,06) Boise County 0.706 9.146 (OHo.11F1.80)

Fe-Li micas® Rieder et al. (1970)

(Si2.975A11.025)(FeigzMgo.osMno.ozFegIMSAll.ooTio.oz) 44 0.675 9.253 (OH1.43F0.49)

(Si.57Aly 43) (Fe3 535Mo.60Li0.025MNo.01F€3 305 Tio.15) 12 0.741 9.336 (OH1.63F0.24)

(Siz 76Al1.24) (Fe1 1Mo 21Li0.12MNg 0aF €3 18Al0 575Tio.0) 8 0.714 9.255 (OH 62F0.38)

(Siz.nsAans)(FeﬁssMgo.uLio,leno4o35Feg.+z3Alo4s4Tio401) 7 0.707 9.260 (OH1.0F1.01)

(Si2.74All.26)(F‘:-‘ﬁﬂMgo.osl—iozosM'143.1)55':93+ 18 0.711 9.267 (OHy.01F0.99)
0.32Alo.52Cr0.025 Tio.04)

(Siz.01Al; 05) (FeT’345Mo.025Li0.3a5Mno.045F€>" 13 0.697 9.229 (OHo.98F1.02)
0.135Alo.815Tio.01)

(5i2.875A11.125)(Fei)fmsl—io.mMno.ozFegflsAlo.gssTio.oz) 31 0.680 9.214 (OH; 42F 0 58)

(5i2.s7A|1A13)(FeﬁnsMgo,ozsLioAsoMno,ozFegHssAlosz:Tivoz) 29 0.684 9.203 (OHo.77F1.23)

(Si3.04Alo.96) (Fed555Mgo.01 Lio.585MNo.035F €3 14Alo.965 Tio.01) 9 0.681 9.186 (OH1.17F0.62)

(513.015Alo.985)(|:‘3f+()e'Vlgo.oﬂ-icnzs'vlnostFez+ 35 0.696 9.172 (OHo.44F 1.56)
O.OBAIO.77crO.l35TiO.02)

(SI3.135A10,865)(Feg;GSMgOAOZLiOASOSMn0A035Fe3+ 38 0.656 9.129 (OH1.10F0.01)
0.155Al1.155Tig 01

(Si3.14Al0‘86)(FegszsLiOﬁASMn0.045FegHSSAll‘MSTiO.DZ) 40 0.670 9.146 (OHo.79F1.21)

(Si3.16Al0.84)(Fe%TBMgO,OBLi0.715Fe3305A10,99Ti0,02) 5 0.677 9.155 (OHO,BGFl.lfl)

(Si3.07Alo.03) (Fed715Li0.71MNg 03Fe3 16Al1 05 Tio.01) 37 0.670 9.160

(Si3 105Alo.g95) (Fed 66MBo.025Li0.735MN0.025F €5 235Alo.085) 15 0.672 9.150 (OHo.g5F1.13)

(Siz.slsAll.ms)(|:‘3f+195|v|go.ze'-io,375|‘/|"\0.035Fe3+ 2 0.692 9.209 (OH1.57F0.38)
40.16A10.78Ti0.08) - . 34

(Siz.825Al1.175) (FeTlogsMgo.16Li0.39MNo 03sF€ 23 0.694 9.201 (OHo.99F 1.02)

0.305Alo.701Tio.14)

(512.895A11.105)(FeﬁAMgo.zzLia%Mno.o4FegT13Alo4soTio4us) 3 0.695 9.209 (OHo.g7F1.13)
(Siz.gsAlLoz)(FG%I)SSMEO.MSUOA%Mn0.035Feg.+14Alo.94Ti0.01) 4 0.683 9.211 (OH; 10F0.01)
(5i3.02AloA93)(Fe%fooMgoABsLiomsMno,osFegfo9AloAs3Tio4o5) 6 0.688 9.200 (OH;.14F0.86)
(Si3.055Al0.945) (Fe3 765Mo.01Li0.42MNo.02F €5 305Al0.6) 33 0.664 9.194
(Siz.emAlwa)(Feﬁ)s)ﬂv'gu.lzs'-iasoMno.oste3+ 10 0.692 9.148 (OHo.g3F1.17)
0.105Al0.875Ti0.01
(5i3.20/'\lozzo)('zeé+81)5"/|g(),ozs|-i<1455|\/|"‘omFe3+ 14 0.662 9.170 (OH1.17F0.72)
0.085Al1.125Tio.01
(Si3.135Alo.865)(Fe%ESSMgO.OISLiO4915Mn04035Fe3+ 16 0.678 9.099 (OHo 63F1.38)
0.11All.00Ti0.02)
(Si3 315Alo.685) (Fed 62Li1 10MNo.07F €3 06Alg.05 Tio.01) 1 0.685 9.110 (OHo.goF1.21)
(Si3 27Alo.73) (Fed 555Mo.03Li1.06MNo.03F €3 08Al1 02 Tio.03) 22 0.677 9.105 (OHo.30F1.70)
(Siz.sAlo.s)(Fe336L11.27Mno,04FegflssAll,osTiom) 17 0.671 9.058 (OHo.34F 1.66)
(SIB.SSAIO.AZ)(Fe%I)OSMgO.OGSLil.GlMnO.OSFEgTOZAll.H) 41 0.669 9.028 (OHo.49F 1.52)
(Si3.48Alo.52) (MEo.055Li1.475MNo.03F €3 01Al1 25) 43 0.659 9.026 (OHo.42F 1.58)
(Si3.52Alo.48) (ME0.06Li1.575MNg 01F€d 005Al1 24) 42 0.663 9.020 (OHo.47F1.54)
Si4(Mgvo35Li1A96F98A+005AIOA955T10.05) 45 0.685 8.970 (OHo_36F 1.64)
Various micas Radoslovich & As named in the paper
Norrish (1962)
(Si.80Aly.20) (FeT 30Mg1.03MNg 03F €3 15 Tig.10Al0.33) 1 0.719 9.265 Biotite
ESiz.szAlma;EFegz:«zMgoAsz:Uo.loMT;ci,osFegfonio.l)oAlo.n) 3 0.724 9.268 Biotite
Siz.04Al1.06) (F€0.37M82 37L10.04F€0.02 Tio.15Al0.07. 4 0.717 9.251 Biotite
(Siz.70Aly 21) (Fe1'13Mgy 11 Lio.0sFed 16 Tio 15Alo.25) 5 0.717 9.261 Biotite
(Si3.00Aly.00) (FeZ 06M1.54Li0.07MNo.06F€d 11 Tio.13Al0.01) 6 0.736 9.251 Biotite
(Si.66Al1.34) (Fe3'33Mgo.68Li0.02MNo.02F€d 05 Tio. 172l 50) 9 0.707 9.254 Biotite
(Siz.78Al; 22) (Fe33aMgo gaLio.0aMNo o2 Fed 15Tio 16Al0 26) 1 0.721 9.262 Biotite
(Siz.54Al;.43) (Fed4aMgo 51MNo 14Fed 76 Tio 06) 13 0.733 9.308 Biotite
(Siz.74Aly.26) (FeT 57Mgo.ssLio.03MNo.02Fed 16 Tio.12Al0.35) 14 0.714 9.246 Biotite
(Siz.73Aly 27) (Fe3'1.sMg1 24Li0.01MNo.01F€d 09 Tio 14Al0 24) 16 0.722 9.253 Biotite
(Siz.78Al; 22) (Fe3,Mgo 25Li0 0aMNo o3Fed 44 Tio 18Al0.13) 18 0.731 9.328 Biotite
(SizmAllAlg)(Fef*osMglesFeszsTioAlgAlme) 19 0.705 9.266 Biotite
(Siz.ggAle)(Fel 82M8o. 69Fe0 00 Tio.33Al0.40) 20 0.717 9.300 Biotite
(Siz,ggAlLOl)(Fel 30MEo. 51Feo 53Ti0.19Alo.37) 21 0.720 9.323 Biotite
(Siz.a5Al1.12) (FeTooMg1 15Fe3 56 Tio 31) 22 0.722 9.260 Biotite
(Si.88Aly.12) (FeT 0sMg1 27F €3 16 Tio.17Alo 38) 23 0.708 9.271 Biotite
(Si3.01Alo.95) (Fe1'33Mgo0.63MNg 01F €3 23 Tio.21Al0.30) 24 0.715 9.265 Biotite
(Siz.00Alo.05) (Fed3Mgs 15Fed 12 Tio 4s) 25 0.703 9.241 Phlogopite
(Siz.02Alo.08) (FEZ0aME 0sF 3 02Alo 16) 26 0.711 9.220 Phlogopite
(Siz.01Al1.01)(Mg3) 29 0.720 9.188 Fluorophlogopite
(Sis.11Alo s0) (Al saFed12ME0 06) 30 0.547 8.995 Muscovite
(Siz27Alg.73) (Aly 7Fed uaFed1sMgo 10) 31 0.593 9.060 Iron-muscovite
(Sis sl 42) (FEd01ME0.02Li1 36MNg 03Al; 35) 33 0.652 9.006 Lepidolite
(Siz21Alo70) (Fed62MEo.02Li1 35F €3 00Alo.52) 34 0.675 8.970 Lepidolite

(Continued)
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Table 6. (Continued.)

Mica (anhydrous composition) Sample? R b References Comments
(Siz 6Alo4) (FesMgo 1) 35 0.670 9.020 Celadonite
24
Sia(Alg.07FedosFed HaMgo 77) 36 0.686 9.050 Celadonite
(Si3.86Alo.14) (Alo.75F€5 36F€5 2MEo.65) 37 0.643 9.060 Celadonite
(Sis.74Alo 26) (Aly 15Fe} Fed s,Mgo 57) 38 0.688 9.080 Celadonite
(Sis.28Alo 72) (Fed soLiz.0sMNo o2Fed 06Al1 os) 39 0.651 9.120 Zinwaldite
(Sis.46Alo.54) (FE533Mg0.02L11.15MNo 03Fed 05 Tio.02Al: 16) 40 0.665 9.060 Zinwaldite
(Siz.95Aly.05) (FeT'16Mgo.06Li0.4sMNo.02F€d 03 Tio.02Al0.05) 41 0.692 9.210 Lithium biotite
(Sis.23Alo.77) (Fed 50M8o.02L11.01MNo.0sFed 03Al1 00) 42 0.683 9.090 Lithium biotite
(Siz.10Al0.77) (Mgo.40Ti0.04Al1 45) 43 0.575 9.040 Glmbelite
(Siz.57Al1 43) (FeTugMgo 6sFe 35 Tio 23Al0.07) 44 0.728 9.290 Lepidomelane
(Si,Al)(Aly)Ca 45 0.535 8.920 Margarite
(Si1.05AL2.05) (Fed 62MEo.0aLio 40Aly ooF el 03)Na 46 0.572 8.896 Ephesite
(Si1.05Al2.95) (Mg 15Alp.72)Ca 47 0.674 9.000 Xanthophyllite
(Si1.17AL g3) (Fed baMg, ooFed15Alo 7o) Ca 48 0.673 9.010 Xanthophyllite
(Siy.22Al 78) (FedosMgs 23F€d 0aAlo 72) Ca 49 0.677 9.000 Xanthophyllite
(Siy16Alp.84) (Fe304Mg2 14F€3 bsAlo 76)Ca 50 0.672 9.020 Xanthophyllite
(Siz.17Alo.69Be1.14) (Lig.63Al2.00)Ca 51 0.587 8.713 Bityite
(Siz.06Al1.50B€0.35)(Mgo 01 Li0 71Al1 58)Ca 52 0.605 8.670 Bityite
Hendricksites (available composition) Frondel & Ito (1966)
Mgo 25Fe3.03MN;1 2221 50 1 0.775 9.338
Mgo.45Fe%I)2Mn1.052n1.48 s , 2 0.769 9.328
. . + +
(Siz.e64Al1.336) (AlvozMgoA4sTl%o4Fe%14Feo,ozzn1A43Mno,ss) 3 0.756 9.324
(Siz.727Al1 266) (M80.23Tio.01F€0.31F€0.05ZN1.36MN 1 01) 4 0.759 9.324
Mgo.42Fed 3Fed 0sMNg.61Zn; 30 5 0.753 9.332
Mgo.94Fe%I)2Mn0.sszn1.17 6 0.760 9.301
MglAGBFegESMnO.Mzr]OJS 7 0.742 9.257
Mgy 60Fed 34MNg 36ZN0.70 8 0.745 9.222
Mg5.51F€30sMNo.001ZN0 01 9 0.722 9.180
Manganophyllite Knurr & Bailey
(1986)
(Siz.76Al1 21) (Alo.11Tio.01 Fedi7Mgy 51 Mg 13) Manganophyllite 0.713 9.221
Celadonites
Brigatti &
Guggenheim
(2002)
(Sis.04Alo.06) (Alo osFel 1sFe5 36Mgo 41 Tio.01) 3 0.682 9.050 True mica-1M space group
C2/m
Wise & Eugster
(1964)
(Si3.88Alo.12) (Alo.62F€5 6aF€5 13MEo.61) 11 0.643 9.000
(Si3.78Alo.22)(Alo.zoFe?mFeéTstgom) 13 0.673 9.042
. + +
(Siz.73Alo.27) (AlosoFeéAo7FegA20MgoA65) 14 0.665 9.102
(Siz.90Alo.10) (Alo 36F €0 77F€5 21MEo.68) 15 0.665 9.054
(Si3.88Alo.12) (Al 33F€5 01 Fe5 02MEo.54) 16 0.591 9.000
Radoslovich &
Norrish (1962)
(Sis 6Alo.¢) (FedaMgo 1) 35 0.670 9.020
Sia(Alg.07Fed 53 Fe%fug’lgo,wz) 36 0.686 9.050
. + +
(Siz.86Alo.14) (Alg 75Feg 36F€0.2ME0 68) 37 0.643 9.060
(Si374Alo.26) (Alo 16Fed " Fed's;Mgo 57) 38 0.688 9.080
Buckley et al. (1978)
Sig.01(Alo.1sFeg 31 Fed 30Mgo.75) A 0.689 9.0537
Si4.o9(Alo.38Feg:19Feg.+37Mgo.n) B 0.676 9.0447
(Si3.83Al.17) (Alo 26Fe5 76Fed 22Mo.69 Tio.01) c 0.670 9.052¢
(Si3.06Al0.04) (Alo 18F€3 57F €5 5aME0.71) D 0.678 9.050¢
Sig 01(Alo.ssFeg s6Fed 2aMgo.s3) E 0.649 9.047¢
Si4.01(Alo.13Feg.+95Feg.+26Mgo.64) F 0.680 9.053%
(Si3 05Alo.05) (Alo.o2Fe} osFed 19Mgo.72) G 0.683 9.061¢
24
(Si3.09Alo.01) (Alo.41F€5 75F€D 25MEo.45) H 0.657 9.0437
(Si3.83Al0.17) (Alo.1Feg 77Feg 10Mg1 o) | 0.690 9.051¢
(Si3.91Alo.09)(Alo.sgFegfasFegszgo.nTiom) Q 0.664 9.048¢
(Si3 05Alo.05) (Alo.15Fe 2aFed 13MEo.37 Tio.01) BM32709 0.660 9.069¢
Glauconites Buckley et al. (1978)
(Si3 57Alo.43) (Alo 21 Fe3 02Fed 6aMo.26) 1L 0.684 9.091¢
(Si3.szAlo.38)(Alo.42FegT%FegTBMgo.zs) 5D 0.661 9.0887
(Si3.77Alo.23) (Alo 31 Feg osFed 37Mgo.42) 9D 0.668 9.0697
(Si3.81Al0.19)(AIO.44Fe8.+82Fe%fslMgog,o) 11D 0.666 9.081¢
(Si377Al.23) (Alo 36F€5 95F€d 1M Eo.46) 12D 0.657 9.073¢
(si3.77Al0.23)(AIO.SSFeSTE)BFe%TzlMg0.45) 13D 0.657 9.072¢
(Si3.76Alo.24) (Alo.42F€5 5F€5 1M Eo.49) 14D 0.654 9.072¢
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Mica (anhydrous composition) Sample? R b References Comments
(Si3.75Al0.25)(Alo.36Fe(3).+98Fe%.+24Mg0.45) 15D 0.658 9.073¢
(Si3.70Alo.21) (Al 33F€5 50F €) 26MEo.45) 16D 0.661 9.070¢
Siz 77Aly 23) (Alo 32Fed.67Fe 53M 16L 0.658 9.077%
( 13.77 0.23)(Alo32 0.977€0.23 80.30) B
(S|3.65Al0435)(AloAsFeg;QlFeg;lSMg0.40) 18B 0.645 9.079d
(Siz.69Al0.31) (Alg 40Fe1 05F€0.15MEo 41) 19 0.648 9.078
(Si3 57Al.43) (Alo 37Fed’ sFed 17Mgo 33) 21 0.648 9.0897
(S§3.34Alo,se)(Fe§.4zFe§};oM§S.zg) 23L 0.689 9.1083
(S|3.69Al0431)(AIO,OSFeé;ZSFeg;legO.SS) 27L 0.669 9.100d
(Siz.83Alo.17) (Al 0aFe117F€0.13ME0 72) 29D 0.678 9.093
(Siz.82Al0,1)(Alo 13Fed 1 6Fed 13MEo.c0) 34D 0.669 9.0887
(Si3.81Alg.10) (Fe27sF €3 0oM0.43) 35L 0.664 9.125¢
Al-rich illite and phengite Drits et al. (2006)
(SiB.AoAlo.so)(A11.75Feg.:osFeézmMgo.ls) 3 0.555 9.000
(5|3.41A|0A59)(AlLesFeg,osFeg,ongo,zx) 6 0.566 9.005
(5!3.63A|0,37)(A11.41Feg;loFeg;mMgo.‘u) 7 0.588 9.018
(S|3.51Al0449)(All,83Feg;OSFeO.MMgO.lO) 8 0.551 8.952
(Si3.25Alo.75) (Al .s4F€5.0sME0.08) 9 0.547 8.998
(Si3.45Alo.55) (Aly s7Fed13Mgo.20) 10 0.568 9.012
(Si3.44Alo.s6) (Aly 27F€d 40Fed 13M o 24) 1 0.594 9.046
(SI3.54AIO446)(All,24Fe§:24Fe§:12Mg0.44) 12 0.602 9.042
(SIB.SOAIO.ZO)(All.lﬁFeg.OQFeg.17Mg0.57) 13 0.614 9.006

: - +
(5|3.80A|0A20)(AlmsFeg,steomMgo,se) 14 0.602 9.007
(5i3.40Alo,60)(All.ssFeg.MMgo.zo) 15 0.561 9.006
Si327Al Al gsFeposM 16a 0.551 9.000
T
Si3 47Al Al, 7gFedhaM Ti 19 0.561 9.006
ESI3.47AIOA53;EAIL7GF g;oz:Mgo,st‘om) o

13.390.61)/{Al1.60 e(3>.+20 80.24 '9.01) 0.568 9.005
(5|3.39Alo461)(All,54Feg;14Mgo.335Tlo402) 22 0.574 9.005
(Sia.azAlo.sg)(All.ssFeg.uMgo.ngio.m) 23 0.568 9.005

. “ .
(Siz.48Alo.52) (Aly.73F€5.06ME0.20Ti0.01) 24 0.557 9.005
(Si3 30Alo.70) (Aly.90F €5 02ME0.05Tio.04) 25 0.545 9.005

b is a crystallographic parameter (A).

R=mean ionic radius of octahedral cations (A) calculated with r(Li*)=0.76 A (see text for details).

“Sample reference in the paper.
bTypographical error: original (Mgj.125Al; 250).

“Original compositions were with Ti in tetrahedra (except sample 45). Ti was reallocated to octahedral sites, and the corresponding amount of octahedral Al was moved to tetrahedral sites.
XRD data are available in a table that has been kindly provided to us by the author M. Rieder.

dExtracted from Fig. 3.

closer to the global trend. In addition, the compositional gap situ-
ated at 0.610 < R < 0.650 for r("'Li*) = 0.76 A (Fig. 12a) now disap-
pears (Fig. 12b). The scattering of Li-mica data points is also
reduced significantly comparing the b/by vs R and the % O
enlargement vs R plots for the two values of r(V'Li*; not shown
for r(V'Li*)=0.76 A), arguing for the suitability of a r("'Li%)
value close to 0.6 A, agreeing well with Radoslovich (1962).

(@) %0 TRG=o7eA] (PR-AT b =2.3942R + 7.4821
anandite"’g" !
9.40 4 A Y o
nanpingite ‘\\
i - - \
o 9:20 Tmuscovite Li-kinoshitaite |
I’y Br< tainiolite |
9.00 -+ heeit W clintonites |
wiia polyithionite ]
8.80 4 norrishite (Mm-Ph) /
N b=11478.R
8.60 margaritel “bityite . _+83794
0.50 0.60 0.70 0.80 0.90

Figure 12. b vs mean ionic radius of octahedral cations R for micas (Table 6). (M-Ph) and
sion lines, respectively. Red triangles = synthetic micas (details in Fig. 15); black open

The dependence of the rate of tetrahedral substitutions on b
observed for Li-micas (Fig.13b) cannot be generalized for the
entire mica group. True micas display similar tetrahedral trisilicic
compositions but contrasting b values, as illustrated clearly by b of
muscovite (~8.99 A) and phlogopite (~9.20 A; Table 6). However,
the various tetrahedral substitution rates are responsible for some
data scattering (as for smectites), as revealed through the

9.60 -
(b) r(Li*) = 0.60 AI og (Ph-A)
940 9 A a"z A
Li-kinoshitaite . =R
— 9.20 - g |
= (M-Ph)
2 500 4 554 ol = tainiolite
== polylithionite
J ephesit’e\ o
8.80 marearite norrishite
“"-.. i 1
8.60 i :
0.50 0.60 0.70 0.80 0.90
R (A)

(Ph-A) correspond to muscovite-phlogopite and phlogopite-annite regres-
circles = true K-micas; pink open circles = interlayer-deficient K-micaceous

samples; green circles and other symbols filled in green = Li-containing micas; orange open squares = Na-micas; black open square =Cs-Rb mica; blue open

squares = brittle micas. (a) R calculated with r(Li*)=0.76 A. (b) R calculated with r(Li") =
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Table 7. Parameters of the regressions calculated for the synthetic micas (Figs 15-19).

Sabine Petit et al.

Regression type b=RA+B R? Number of points  b/byer. =RC+D R? % O enlargement=RE+F  R?
(M-Ph) K(SizAl) (Mgax/2Al, x[J1-x2)010(0H)2
1.1478R +8.3794 0.1229R +0.8975 -37.514R +24.23
(Ph-A) K(SizAl;) (Mg,Fe3’,)010(0H),
2.3942R +7.4821 0.2564R +0.8014 -20.056R +11.66
Dioctahedral
Schmidt et al. (2001) K(SizsxAly-x) (Aly_Mg,)019(OH),
16 0.2553R +0.827 0.9805
Trioctahedral
Robert (1976) K(Siz_xr2yAlix-2y) (M85 yALLT,)010(OH),
All except sample 29 1.1509R + 8.3841 0.9499 28 (y #0) 0.2515R+0.8038  0.7894 -35.19R +22.638 0.9935
y=0 0.8049R + 8.6308 0.9895 7 0.3972R +0.7005 0.9995
y=0.025 1.5032R +8.1349 - 2 0.4671R+0.6518 -
y=0.05 1.6159R + 8.064 - 2 0.4744R + 0.6485 -
y=0.075 1.7865R + 7.9483 - 2 0.4919R+0.6376 -
y=0.1 - - 3 0.4511R +0.6667 0.9982
y=0.125 0.4973R + 8.8279 - 2 0.3477R+0.7382 -
y=0.15 0.7395R + 8.6638 - 2 0.3729R+0.7221 -
y=0.175 - - 3 0.378R+0.7198 0.9922
y=0.225 0.5891R +8.7583 - 2 0.3478R +0.7416 -
y=0.25 - 0.5x -3.8609R +11.918 0.9946 3 1.418R+0.0188 0.9997
y=05-x - - 4 (x,y #0) 1.4313R - 0.0137 0.9879
y=0.75 - 1.5x 1.3164R +8.2673 0.9861 6(y+#0) 0.9411R+0.3323  0.9994
y=1-2 1.1666R + 8.3777 0.8644 4 (y#0) 1.0084R +0.2935 0.9409
y=1.25-2.5x - - 3(y#0) 0.6029R+0.5694  0.9853
y=15 - 3x 1.1509R + 8.33841 - 2(y#0) 0.6368R+0.5494 -
Hewitt & Wones (1975) K(Siz_Aly.,) (Mg, Fe3’, ,Al,)O10(OH),
All 1.8744R +7.8968 0.8148 28 0.3274R + 0.7469 0.972 -26.498R + 16.754 0.8885
z=0 2.4105R + 7.4706 0.9991 6 0.2582R +0.8001 -20.271R+11.833 0.9985
z=0.25 2.6255R +7.3529 0.9992 5 0.2798R +0.7826 -18.512R +10.86 0.9988
z=0.5 2.8435R +7.2106 0.9992 8 0.3016R+0.7648 -16.649R +9.7787 0.9975
z=0.63 2.7579R +7.2846 - 2 0.2582R +0.8001 -17.768R +10.716
z=0.75 2.9067R +7.2006 0.9951 4 0.2918R+0.7707 -16.334R +9.9239 0.9838
K(Siz_Aly.) (Fe3" AlL)O10(0H),
1.0552R + 8.5304 0.9662 7 0.3513R+0.7277 -34.453R+22.921 0.997
K(Siz_Al1+z) (Mgs_-Al,)010(0H),
1.1096R + 8.407 0.9912 5 0.4166R + 0.6859 -35.267R +22.629 0.999

comparison between the b and b/b, vs R plots (Figs 12b & 14a,
respectively). Two main trends between b/by, and R are revealed
(Fig. 14a). One trend follows the (Ph-A)’ line, which was calcu-
lated simply using the same data as that for (Ph-A) and the trisi-
licic composition for the by value and is mostly concerned with
trioctahedral micas in a limited R range (0.670 < R < 0.780). The
second trend follows a curve that continuously links dioctahedral
to trioctahedral K-micas and involves micas with various compo-
sitions, including Li-micas, and micaceous samples.

Two main trends are also observed in the % O enlargement vs
R plot (Fig. 14b). One trend follows the (M-Ph)° line, plotted
using the muscovite and phlogopite end members, and mostly
concerns micas with full interlayers, regardless of their dioctahe-
dral or trioctahedral nature. The second trend, with a greater
slope, mostly concerns the interlayer-depleted micas (i.e. glauco-
nites, celadonites, illites and phengites), indicating that the O
sheets are thicker for the same R in these micaceous samples.
The three b vs R (Fig. 12b), b/by vs R (Fig. 14a) and % O enlarge-
ment vs R (Fig. 14b) plots indicate that, for most of the micas, the
octahedral flattening is controlled mainly by R, and that it grad-
ually decreases with decreasing misfit between the T and O sheets,
as suggested by Toraya (1981).

Some samples do not follow these general trends: mainly
Na-micas, most of the brittle micas and synthetic Ge-micas and
ferri-annites.

On the Al side (0.535 <R <0.560), Na-micas (i.e. paragonite
and ephesite, a trioctahedral mica with an ideal SF of
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(Si,Al)(LiAl,)(OH),Na)) and brittle Ca-micas (i.e. margarite
and bityite, a trioctahedral mica with an ideal SF of
(Si,AlBe)4(LiAlL)(OH),Ca)) exhibit lower b, b/b,. and % O
enlargement values than muscovite. This indicates a significant
influence of the nature of the interlayer cation on b and a more
limited accommodation of the O sheets to increase their lateral
dimensions compared to their K counterparts. Accordingly, small
interlayer cations such as Na and Ca allow greater tetrahedral rota-
tions than K", which appears to induce a stretching of the O sheets
(Bailey, 1984b). Muscovite exhibits a b/b, of ~0.96 (o0 = 15°),
whereas margarite, bityite and ephesite exhibit the lowest b/b,
corresponding to o as high as 20-23°; these values have been con-
firmed using structural refinements (Guggenheim, 1984; Brigatti
& Guggenheim, 2002).

In brittle micas, the T sheets are much larger than the O sheets
due to the high rate of tetrahedral substitution (~2Al pfu; Table 6)
and the great tetrahedral rotations reduce the T sheet dimensions.
Paragonite also has a relatively large o (~17°) due to the small size
of the interlayer Na (Guggenheim, 1984). Note that nanpingite
(ideally the muscovite Cs-counterpart) follows the (M-Ph) trends
well (Figs 12b & 14a,b).

On the trioctahedral side, the Na-micas (preiswerkite) and
Ca-micas (clintonite, also previously named xanthophyllite;
Table 6) exhibit lower b, b/by, and % O enlargement values
than their K counterparts, as observed for the Na- and Ca-
Al-rich micas. Accordingly, preiswerkite and clintonite exhibit
b/bye, corresponding to large o (~17° and ~21°, respectively),
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Figure 13. Evolution of structural parameters in Li-micas (Table 6), with circles representing natural samples and triangles representing synthetic samples: green
circles = true K- micas; pink circles = Li-muscovites; yellow circles = Na-micas; dark blue circle = Rb-Cs mica; light blue circles = brittle micas; red circle = norrishite
(Si(LiMn3*)K mica; red triangles = K-Si micas; black triangle = K-Ge mica. (a) b vs octahedral lithium content. (b) b vs tetrahedral aluminium content. (c) Octahedral
lithium vs tetrahedral aluminium. (d) b vs the mean ionic radius of octahedral cations R with r(Li*)=0.760 A. (e) b vs R with r(Li*) =0.685 A. (f) Evolution of the

coefficient of the linear regressions for the r(Li*) considered.

agreeing well with the values determined using structural refine-
ment (~20° and 23-25° respectively; Brigatti & Guggenheim,
2002).

Brittle Ba-micas (i.e. kinoshitaites and anandites) exhibit vari-
ous behaviours. Kinoshitaites globally follow the trend of the
K-micas with similar R due to the similar sizes of the Ba and K
interlayer cations (Shannon, 1976). However, anandites exhibit
greater b (Fig. 12b) and % O enlargement (Fig. 14b) than their
K counterparts. This is mainly due to their high content of
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tetrahedral iron, which induces large T sheet dimension.
Consequently, the O sheet has to enlarge comparatively more
than the Al micas to reduce the dimensional misfit. The same
observation is made for the synthetic tetra-ferri-annites (ideally
Sis oFei0)(Fe35)0100H, K), whose Cs-form has the largest
unit-cell volume reported to date for 1M micas (Brigatti &
Guggenheim, 2002).

For synthetic Ge-micas, due to the ionic radii of Ge*" and Si**
(0.39 and 0.26 A, respectively; Table 1), the b values are greater
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than their silicate counterparts (Figs 12 & 15a), whereas the b/b, To assess the origins of the observed trends, we focus on syn-
values are lower (Figs 14a & 15b). Accordingly, Martin et al.  thetic micas because their chemical composition is less complex
(1992) observed an increase in the angle o for synthetic Mg-, than that of natural systems and because chemical joins are avail-
Ni- and Co-SiGe talc tetrahedral solid solutions when the germa-  able (Fig. 15a). The dataset of synthetic mica samples reveals gen-
nium content increases. As expected when adjusting the O sheet  erally similar trends to those of natural mica samples (Figs 12 &
dimensions to the larger T sheets, the % O enlargement is greater = 14). The b/by. vs R plot for all of the synthetic samples reveals
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Figure 15. (a) b vs mean ionic radius of octahedral cations R for synthetic micas (Table 6). (M-Ph) and (Ph-A) correspond to muscovite-phlogopite and phlogopite-
annite regression lines, respectively. (Siy) corresponds to the tetrasilicic micas regression line. Dark blue circles = muscovite; light blue circles = K(Siz.Aly_y) (Al Mg,)
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https://doi.org/10.1180/cIm.2023.20 Published online by Cambridge University Press


https://doi.org/10.1180/clm.2023.20

Clay Minerals

(muscovite—aluminoceladonite) and trioctahedral micas (phlogo-
pite—annite; Fig. 15b). However, data for synthetic micas are
lacking, especially for the compositional range corresponding to
R~ 0.650. In natural micas, this compositional gap is filled by
Li-micas and by celadonites and glauconites (Fig 12b & 14b).

Except for the Ni-mica, which is on the (M-Ph) and (M-Ph)’
lines, all of the trioctahedral trisilicic micas, including the rather
‘exotic’ Cu®"- and Co**-micas (Hazen & Wones, 1972), are on
or close to the (Ph-A) correlation line (Fig. 15a) and are also
located near the (Ph-A)’ line due to their similar tetrahedral Al
contents (Fig. 15b).

The synthetic Mn-mica approximately follows the muscovite—
phlogopite trend in the b, b/b,; and % O enlargement vs R plots
(Fig. 15a—c). The % O enlargement is the smallest of all the data-
set (6% compared to hydroxides) and corresponds to the thick-
est O sheet very close to the dimensions of an unconstrained O
sheet. Regarding the synthetic Fe** (annite) end member, /by
is >1 (Fig. 15b). Unfortunately, the status of Mn is not sufficiently
detailed (Frondel & Ito, 1966) to be confident regarding the great-
est R and b,,, values. As Mn was assumed to be octahedral and
divalent, some octahedral Mn>* would have contributed to R,
and thus the O sheet lateral dimensions would decrease, while
tetrahedral Mn** would increase b, (Table 1).

Three synthetic mica series representing chemical joins will be
studied in more detail below.

The first synthetic mica series corresponds to the dio-
ctahedral mica series along the muscovite-aluminoceladonite
join (K(Siz4x Al;_)(AL_Mg,)O,0(OH), with x <1) of Schmidt
et al. (2001), which was also later studied and compared to natural
samples by Zviagina & Drits (2019; Table 6). With increasing R,
the dataset for these micas shifted away from the (M-Ph) line
(Fig. 15a). Accordingly, Schmidt et al (2001) and Zviagina &
Drits (2019) reported a ‘difficult to understand’ reduction of b
for the greatest Mg content. Schmidt et al. (2001) hypothesized
that this reduction could be associated with a partial trioctahedral
character, with some Mg possibly filling some M; octahedral sites
(which are theoretically larger than the M, octahedra and are
empty in ideally dioctahedral structures). Zviagina & Drits
(2019) did not confirm this interpretation because their analysis
of the M; octahedral site occupancies was negligible. Rather,
these authors hypothesized that the change in the trend for b
was associated with a decrease in mutual repulsion of octahedral
cations with increasing contents of divalent cations, resulting in a
reduced flattening of O sheets for the Mg-richest synthetic micas.
This interpretation is confirmed by the % O enlargement vs R
plot, where the data points deviate progressively from the
(M-Ph)° line with increasing R (Fig. 15c). Moreover, the increase
in octahedral charge related to the increase in the Al/Mg substitu-
tion rate in this sample series implies a concomitant decrease in
tetrahedral charge to keep the layer charge at 1. The coupled
increase in Mg and decrease in tetrahedral Al has a direct effect
on the dimensional misfit reduction between the T and O sheets.
A greater octahedral Mg content (and thus R), as hypothesized by
Schmidt et al. (2001), would not make b/b.. decreases, as
observed in Fig. 15b.

The second synthetic mica series corresponds to Al-Mg micas
K(Siz_xr2yAl11x2))(Mg3_yAL[1,)O10(OH), from the sample
series of Robert (1976). These samples also lie on (or very close
to) the (M-Ph) line, except sample 29 with the tetrasilicic com-
position SiyMg, s (Fig. 15a). This sample series displays a wide
range of compositions, with significant variation in the amounts
of tetrahedral and octahedral Al as well as in octahedral Mg or
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vacant sites, whereas the octahedral occupancy ranges from 2.75
to 3, indicating a partial di-trioctahedral character. Robert
(1976) observed a linear decrease in b with increasing octahedral
Al content, but only for nine selected samples with a low number
of vacant sites. As shown in Fig. 16a, b values for all of the
di-trioctahedral Al-Mg micas (except sample 29) plotted as a
function of R follow a linear regression, despite noticeable com-
positional changes in the T sheet composition, as "VAl contents
range from 1 to 1.6 (Table 7). However, the regression coefficient
is relatively low (R*=0.95; Fig. 16a) and even decreases for the
b/by, correlation (R*=0.79; Fig. 16b), whereas it is very high
for the % O enlargement (R*>=0.99; Fig. 16c). Several linear
regressions can be observed between b and R depending on the
parameter chosen (Table 7). For instance, if samples with the
same y value in the SF are compared (i.e. samples having
the same octahedral occupancy; Fig. 17a,b), then good correla-
tions can be obtained using b or b/b vs R graphs. As expected,
the decrease in octahedral occupancy (increase in dioctahedral
character) globally provokes a gradual decrease in the b dimen-
sion. For most y values, regressions with similar slopes can be
drawn for at least the b/by vs R graph (Fig. 17b & Table 7).
Because this synthetic mica series can be described with x and
y only, as seen in the general SF (i.e. Al, Mg, Si and vacant site
amounts are interdependent), precise b or /by vs R graphs are
also observed for each y = f(x) series (Figs 17c & 17d, respectively,
& Table 7). As a consequence, the scattering of data that is greater
in the /by vs R plot compared to the b vs R plot (Figs 16b & 16a,
respectively) results from the superimposition of accurate sub-
relationships. The general relationship b=1.1509R +8.3841 is
likely to satisfactorily (+ 0.006) predict b from R for this synthetic
mica series (except sample 29) but corresponds to a general trend
only. Sample 29 is a tetrasilicic mica and behaves differently from
the other samples of the series. For the same R, it exhibits lower b
and % O enlargement and greater b/b, (Fig. 16a-c) than the
other samples. However, the synthetic tetrasilicic micas (i.e. the
synthetic F counterpart of sample 29 (sample 108, tetrasilicic
fluorophlogopite), polylithionite and tainiolite (with Li,Al and
Mg,Li octahedral composition, respectively; Table 6; Brigatti &
Guggenheim, 2002) follow trends that include sample 29
(Fig. 15a—c). The data points of the four samples are approxi-
mately aligned on a line that is approximately parallel to the mus-
covite—phlogopite line on all of the plots (Fig. 15a—-c). Moreover,
when adding the few natural tetrasilicic micas (i.e. some celado-
nites and a polylithionite (sample 45); Table 6; Rieder et al.,
1970), a reasonably good regression is observed (Fig. 18a).
Note that the samples of the muscovite-aluminoceladonite
synthetic series of Schmidt et al (2001) presented above
(K(Siz4xAlL ) (AL, Mg, )O;10(OH),) move to the tetrasilicic mica
‘(Si4)’ regression line and follow these trends when approaching
a tetrasilicic composition (Fig. 15a-c). Even if the (Si,) regression
cannot be considered as robust due to there being only few
samples available and that the proposed revised r(Li*) of 0.6 A
used for calculating R for tainiolite and tetraferriphlogopite
is only approximate, it argues indirectly for the suitability of
r(Li*) ~ 0.6 A. Using the r(Li*) of 0.76 A (Shannon, 1976)
would lead to scattered data points (Fig. 18b).

Note that norrishite (KSig(LiMn3")-mica, sample 111; Table 6;
Brigatti & Guggenheim, 2002) is systematically outside of all of
the trends (Figs 12-14 & 18). Accordingly, Brigatti &
Guggenheim (2002) also observed an anomalous behaviour of
this norrishite sample compared to the other micas, which they
related to octahedral distortions induced by the Jahn-Teller effect.
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In conclusion, the impact of R on b is similar between tetrasi-
licic and trisilicic micas, and the lower b observed for tetrasilicic
micas is related to a reduced flattening of O sheets compared to
in trisilicic micas.

The third and last synthetic mica series that will be studied
corresponds to the trioctahedral micas (Si3,ZA11+Z)(ngFe2+yAlz)K
(Hewitt & Wones, 1975; Redhammer & Roth, 2002; Mercier
et al., 2005) that appear slightly above the (Ph-A) and (M-Ph)
lines in the b vs R and % O enlargement vs R plots (Figs 15a &
15¢, respectively) and on or below the (Ph-A)’ line in the b/b,
vs R plot (Fig. 15b). A reduced scattering of data is noticed in
the b/bye;. vs R plot, as illustrated by the respective regression coef-
ficients (calculated using the Hewitt & Wones, (1975) series only,
R*=0.82, 0.97 and 0.89; Figs 19a, 19b & 19c, respectively). As for
the previous synthetic mica series, several sub-relationships can be
noticed that correspond to specific solid solutions. As an illustra-
tion, for constant values of z (Al content), linear regressions cor-
responding to the respective Mg—Fe* solid solutions are observed
(Fig. 20a). In such solid solutions, b systematically decreases with
the Fe’":Mg ratio, as expected considering the respective ionic
radii of Mg and Fe’* (Table 1). The slopes of these regression
lines increase slightly from ~2.4 to 2.9 with increasing z
(Table 7). For z=0, the equation is very similar to that of the
(Ph-A) line. The small difference is assigned to the fact that
both regressions were calculated in different ways, using the end
member data for the (Ph-A) regression and using the solid solu-
tion for z= 0. The slopes for each Mg-Fe** solid solution linear
regression are more than twice as high as those for (Si;_,Al;,,)
(Mgs_,AlL)K and (Sis_,Al;,,)(Fe3',AL)K, which exhibit similar
slopes to each other (Table 7). The regression for the (Si;_.Al;
+2)(Mgs_AL)K solid solution is close to that of the (M-Ph)
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line, and the small difference is due to the strictly trioctahedral
character due to by Tschermak substitutions in the sample series
of Hewitt & Wones (1975) compared to the di-trioctahedral mus-
covite—phlogopite solid solution. The b/by vs R plot reveals that
regressions also exist for each solid solution (Fig. 20b). The misfit
between T and O sheets increases with decreasing R (i.e. with
decreasing amounts of Fe** relative to Mg) and more severely
with increasing Al content due to Tschermak substitutions and
the antagonistic effect of Al, as discussed above for
Al-serpentines. For the trisilicic Fe** end member, /by, slightly
exceeds 1 (Fig. 20b), suggesting a T sheet that is fully extended
with a symmetry close to hexagonal to fit the large lateral O
sheet dimension. Accordingly, the O sheet is the thickest of the
series (Fig. 20c).

The increase of tetrahedral Al content induces an increase in
lateral T sheet dimensions and the thinning of O sheets via octa-
hedral flattening to reduce the misfit (Fig. 20c). For the same Al
content, the octahedral flattening also increases with increasing
Mg/Fe®* substitution, contributing to the tetrahedral rotation to
reduce the misfit. The cumulative effect is demonstrated here by
the increase in the slope of the regressions with increasing Al con-
tent (i.e. increasing z; Fig. 20 & Table 7). As for the sample series
of Robert (1976), the scattering of data observed for the series of
Hewitt & Wones (1975) is assigned to the superimposition of
accurate sub-relationships corresponding to limited solid
solutions.

In light of the results obtained for synthetic micas, the
observed scattering of data (Figs 12 & 14) for all of the datasets
is mainly due to the chemical complexity of the samples, and
multiple limited solid solutions probably exist between a multi-
tude of end members.
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Figure 17. Focus on the K(Si3_y2yAl14x-2y) (Mg3_x-,AL{,)O10(OH), synthetic series of Robert (1976; Table 6; sample 29 is not represented). (a) b vs R. (b) b/biet, ratio vs
R: dark blue: y =0; light green: y=0.025; red: y = 0.05; brown: y =0.075; light blue: y =0.1; pink: y = 0.125; yellow: y=0.150; dark green: y =0.175; orange: y = 0.225;
open circles: single data point. Evolution of (c) b or (d) the b/bi. ratio with the mean ionic radius of octahedral cations R: dark blue: y = 0; yellow: y =-0.5x + 0.25;
green: y=-x+0.5; red: y=-1.5x+0,75; pink: y=-2x+ 1; light blue: y =-2.5x + 1.25; brown: y =-3x+ 1.5. See Table 7 for the corresponding regressions. (M-Ph) and

(M-Ph)’ correspond to the muscovite-phlogopite regression lines.
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Figure 18. b vs R for tetrasilicic K-micas (Table 6). (a) R calculated with r(Li")=0.6 A. (b) R calculated with r(Li*)=0.76 A. Triangles = synthetic samples: pink =
Mg, 5(OH),-mica (sample 29; Robert, 1976); red = Mg, sF,-mica (sample 104; Brigatti & Guggenheim, 2002); green = Mg,Li-mica (tainiolite, sample 105; Brigatti &
Guggenheim, 2002); orange =AlLi,-mica (polylithionite). Circles = natural samples: orange = polylithionite (sample 45; Rieder, 1970); blue = celadonites; brown =
norrishite ((LiMn3")-mica, sample 111; Brigatti & Guggenheim, 2002). Symbols filled in green = Li-containing micas.

Chlorites

Chlorites are phyllosilicates composed of 2:1 layers whose nega-
tive charge, arising mainly from heterovalent tetrahedral substitu-
tions, is most often balanced by the presence of a positively
charged O sheet in the interlayer space (Fig. la; e.g. Bailey,
1991a). The structure of chlorite is then globally electrostatically
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neutral, with a general SF of (Si4_xAlx)(R3+},R2+Z|:|V)010(OH)8,
where [] is a vacant site and y+z+v=6. The composition of
the layer is (Sis_AL)(R*"R*"[1)3014(OH), and that of the inter-
layer octahedral sheet is (R**R**[]);(OH)s. It is difficult to deter-
mine the composition of each of them accurately (e.g. Zazzi et al.,
2006), especially because the chemical composition of chlorites is
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Figure 19. Focus on the K(Si3,ZAll+z)(MgXFez*yAlz)Om(OH)z synthetic series. Black circles from Hewitt & Wones (1975), green crosses from Redhammer & Roth (2002),
blue crosses from Mercier et al. (2005; Table 6). (a) b vs mean ionic radius of octahedral cations R. (b) b/byt. Vs R. (c) Percentage of octahedral enlargement vs R. The
dashed lines correspond to muscovite-phlogopite (M-Ph) and phlogopite-annite (Ph-A) regression lines. The dotted line is the regression calculated using the Hewitt &

Wones (1975) data.

(a) 9.40
9.35

9.30

b (A)

9.25
9.20
9.15

9.10

(SizAl;)(Fe?s)

.\':siz.z5A|1.75:'(Mgz.zsmo.7s}

0.72 0.76 0.80

(Si;Aly)(Fe?*s) . ) oL
i 0.1}‘.-’
7 (Si; 25A1; 55)(Fe?*; 5cAlg 75) 0,3.3\..,-,'_7\ 1.00 4
. £ 099 -
. =
~
= 0.98 -
A 0.97 -
Si; 25Al Mg, 5cAl
[{ 1225 1.75]I( 8225 o.?s? 0.96
0.64 0.68 0.72 0.76 0.80 0.64 0.68
© o5
(Siz.25Al1 75)(Mg2.25Alg 75)
£ 10 - /\:/ 2.25A11.75) (Mg2.25Al0 75
GEJ 15 J(M-Ph)° i-u .\ (Siz 25Al; 75)(Fe?*5 35Al0 75)
Q
%n -2.0 A
S | .9 0.38
o 301  (siAMe) T S
"Q -3.5 “\'\."
° a (Ph-A)® el
o (SizAl;)(Fe?s)—" >
_4-5 T T T
0.64 0.68 0.72 0.76
R (A)

0.80

Figure 20. Focus on the K(Sig,zAlw)(MgXFeZ+yAlZ)Olo(OH)2 synthetic series of Hewitt & Wones (1975; Table 6). Evolutions of (a) b, (b) b/bit. ratio and (c) percentage
of octahedral enlargement with the mean ionic radius of octahedral cations R for green circles: z=0; blue circles: z=0.25; yellow circles: z=0.50; grey circles: z=
0.63; pink circles: z=0.75; pink open square: calculated by extrapolation; red circles: single data point with the indicated z value. Dotted lines = linear regression for
each z series (see Table 7 for the corresponding regressions). The dashed lines correspond to muscovite-phlogopite (M-Ph) and phlogopite-annite (Ph-A) regres-

sion lines.

https://doi.org/10.1180/cIm.2023.20 Published online by Cambridge University Press


https://doi.org/10.1180/clm.2023.20

Clay Minerals

very variable (e.g. see the review of Wiewiora & Weiss, 1990).
Trioctahedral chlorites (trioctahedral in both the layer and the
interlayer) are the most common in nature, and several families
exist, such as clinochlore, chamosite and penninite, with Mg,
Fe’* and Mn”" as the dominant octahedral cations, respectively.

Due to the complex chemical composition of chlorite, numer-
ous studies have been devoted to the relations between b and the
amounts of octahedral and tetrahedral cations. Several equations
with the form of b = by + Y, (aix;) can be found in the litera-
ture (von Engelhardt, 1942; Radoslovich 1962), especially for
trioctahedral chlorites, as exemplified by Lee et al. (2007), who
observed a robust linear relationship between b and Mg/Mg + Fe
for natural chlorite samples from Al-saturated metamorphic assem-
blages. Wiewiora & Wilamowski (1996) formulated two distinct
regression equations for trioctahedral chlorites (Equation 7) and
di-tri- and di-dioctahedral chlorites (Equation 8) as follows:

bui. = 9.225 + 0.027" Al + 0.0386"'Al + 0.0376Fe>*
+0.0376Cr>" + 0.0665Mn*" (8)

bai-ui./di-di. = 8.860 + 0.112"V Al + 0.0524Mg**
+ 0.0752Fe*™ 4 0.06Fe*T — 0.0523LiT  (9)

The dataset used in the present study is taken mainly from the
review work of Wiewiora & Wilamowski (1996), where several b
values were measured using structural refinement. To avoid any
potential bias from using a unique data source and to enlarge the
range of chemical compositions investigated for chlorite, the com-
piled data from Radoslovich (1962) were added, as well as a few
other samples (i.e. two samples whose single-crystal structure has
been refined: one ordered triclinic clinochlore (Smyth et al., 1997)
and one cookeite (Zheng & Bailey, 1997b); and four uncommon
chlorites, namely V**-rich chlorites (Whitney & Northrop, 1986)
and Fe*"-sudoites (Billault et al., 2002; Table 8).

The evolution of b as a function of R for all samples reveals
reasonably good data alignment for all compositions ranging
from dioctahedral to trioctahedral chlorites (Fig. 21a). In contrast
to Wiewiora & Wilamowski (1996), the b vs R regression is suit-
able for the entire range of chemical compositions. R values for
di-tri- and trioctahedral chlorites even overlap in the intermediary
range (for 0.64 < R < 0.70). This is probably because trioctahedral
occupancy with cations of various valences, such as (R**.R3",
and (R*,R%.), is expected to occur in chlorites, at least in the
interlayer O sheets, to counterbalance the negative tetrahedral
charge. The clinochlore and cookeite samples with refined single
crystals fall on or close to the correlation line. The uncommon
vanadium-rich chlorites (Whitney & Northrop, 1986), assuming
Fe and V as trivalent cations, as well as Fe*>"-sudoites (Billault
et al., 2002), do not reveal any specific behaviour (Fig. 21a).
Some samples, such as samples 8, 28 and 30 (Table 8), deviate sig-
nificantly from the regression line (Fig. 21a). For sample 28, R is
suspected to be underestimated due to a redox problem, as the
Fe’":Fe’* ratio was reversed in a previous study (Steinfink,
1958). As sample 8 was classified in the trioctahedral group, the
Fe** and Fe’* contents have probably been switched mistakenly
(Table 8), and the data point moved close to the regression line
after switching back both contents (Fig. 21a). Other typographical
errors cannot be excluded, as another one could be identified for
sample 82 (Table 8). Unfortunately, data for sample 30 are
unpublished and could not be checked.
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Some chlorites of the di-tri- and di-di-octahedral series are
Li-rich. The Al,Li configuration is likely to occur in the interlayer
hydroxide sheet to create a positive charge balancing the tetrahe-
dral negative charge (Zheng & Bailey, 1997b). The revised r(Li")
of 0.60 A (instead of 0.76 A) determined for Li-rich micas (see
above) was used as an alternative (Fig. 21b). The general regres-
sion was modified slightly to b =2.30R + 7.67, and the regression
coefficient was improved slightly (R*>=0.865 vs 0.884), arguing
for the suitability of a lower r(Li").

Contrary to Wiewiora & Wilamowski (1996), who included
tetrahedral Al in their equations with a greater coefficient for
di-tri- and di-dioctahedral chlorites than for trioctahedral chlor-
ites (Equations 7 & 8), the unique linear regression (Fig. 21b)
indicates that b is mainly driven by R and that the tetrahedral
Al is not a first-order parameter. Accordingly, a unique main
trend is also observed for the b/b vs R regression, although its
coefficient is lower than for the b ws R regression (0.78
(Fig. 22a) and 0.88 (Fig. 21b), respectively). The observed disper-
sion of data points may be partly due to the scattering of tetrahe-
dral charge ranging from 0.45 to 1.80 (Table 8), but we cannot
confident in their accuracy for the entire dataset.

The b/by, values vary from 0.952 (dioctahedral chlorites) to
1.009 (trioctahedral chlorites), which correspond to angles of tetra-
hedral rotation o ~ 18° and 0°, respectively, matching relatively well
with o measured using structural refinement: ~14° for dioctahedral
donbassite and ~5-7° for trioctahedral chlorites (Bailey, 1991a).
Focusing on some samples whose single-crystal structure was
refined (Table 9), an excellent relationship is observed between
Oyf (the tetrahedral rotation angle measured using structural
refinement) and o, (the tetrahedral rotation angle calculated
from b/b.; Equation 4; Fig. 22c). Surprisingly, the regression coef-
ficient is greater when using Si-O and Al-O bond lengths of 1.618
and 1.748 A, respectively, following Bailey (1984a), than when
using the T-O mean bond length determined using structural
refinement (Fig. 22b). The Si-O and Al-O bond lengths were cal-
culated to match oy and very coherent values were obtained
(Table 9). This study also shows that by using adequate bond
lengths, Equation 4 allows us to calculate the angle of tetrahedral
rotation o accurately, at least for most of the common samples.

Going from dioctahedral chlorites to trioctahedral ones (i.e.
with R increasing), the tetrahedral rotation angle o progressively
decreases, as shown by the b/b,, plot (Fig. 22a), while the flatten-
ing of O sheets decreases concomitantly (Fig. 22b). For di- and
di-tri-octahedral chlorites, O sheets are thinner than the hydro-
xides with the same R, whereas they are thicker for trioctahedral
chlorites.

In chlorite, the element partitioning between both O sheets
will not affect R significantly, which is a mean value, but such a
partitioning is likely to impact the misfit between the T and O
sheets. As for the other phyllosilicate families, the misfit between
T and O sheets increases when R decreases, and both shortening
of T sheets by tetrahedral rotation and flattening of O sheets are
expected to occur. Most trioctahedral chlorites show b/by.,, values
close to 1, demonstrating the easy accommodation of the T and O
sheets. Samples with the greatest b/b,; and R values are Mn-rich
and have a great tetrahedral Al content (cf. samples 1, 2 and 3 of
the trioctahedral series of Wiewiora & Wilamowski (1996) and
sample ‘pennantite’ of Radoslovich (1962); Table 8). For these
samples, both the T and O sheets have large lateral dimensions,
and misfit compensation is likely to be facilitated. It is worth not-
ing that the clinochlore and cookeite samples with refined single
crystals fall very close to the b, b/by and % O enlargement vs R
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Table 8. Data used for chlorites.

Natural chlorites (anhydrous composition) Sample? R b References Comments
Trioctahedral chlorites Wiewiora & Wilamowski (1996)
(Siz.57Al43)(Aly 16Mo.14F€5 36MN3 5) 1 0.759 9.500
(S 7Al; 3)(Al; sMgo 6Fe35MN3 62 ) 2 0734  9.400
(Siz.72Aly 2) (Al1 36Mo 26F€5 39MN3 b5) 3 0.746 9.470
(Si3.4Alo.6) (Alo.8aMg4 6Fed 2sFed 11Cro.0oNio.07) 4 0.694 9.216
(SizAly)(Alg sMgsFed’sCro.7) 5 0.703 9.242
(Sia.sAl12) (Al; Mg, 6Fe3) 6 0705 9290
(Si3 3Alo.7)(Alo.g7Mg3 13F€3") 7 0.713 9.290
(Si2.4AlL6) (Alo.ssMgo 7Fe3 7Fe3 75)” 8 0721 9297
(Siz.62Aly 38) (Aly17ME5 5Fed 54Feds2) 9 0.689 9.290
(Siz.8Al15)(Al; 26Mgs sFed5Fed o) 10 0.682 9.220
(Siz.67Aly.33) (Al 1Mg3 35F €5 b3Fed o) 11 0.649 9.170
(Siz.87Aly.13) (Al1 4sMgo 70F€23 g5Fe3 1,MNG 50) 12 0.712 9.350
(5i2.55A|1.45)(A|1,41Mgo,78Fe§,+ss) 13 0.716 9.336
(Siz.85Al.15)(Alo 67Mgs saF€3 26Fed 18MN3 03) 14 0.691 9.234
(Sis.16Alo.84) (Alo.g2Mg4 9FE5 2oMNG 05) 15 0.698 9.232 Structure refinement parameters: Bailey (1991c)
(Si3 22Alo.78) (Alo 65Mgs 0aFed 1Fed 17MNG o) 16 0.699 9.216
(Si3 01Alo.99) (Alo.92Mgs 75F€5 13F€) 1) 17 0.691 9.216
(Siz.64Aly 36) (Al1 17Mg4 02F€5 65Fed 13MN3 1) 18 0.689 9.240
(Siz.60Al.31) (Al1.42Mg5 36Fe 72F €5 26MNG 0s) 19 0.690 9.258
(Siz.6Al1.4) (All.zaMgz.mFeﬁﬁlee%%Mn3.+042) 20 0.700 9.306
(Si2.51Al1.40) (Al1.04ME0.37F €3 57F €5 7sMNG 01) 21 0.714 9.354
(Siz.06Al1.04) (Alo 95Mg4 62F €5 14F€3 14Cr0.09Ni0.007) 22 0.689 9.207
(Si3 07Alo.93) (Alo.63M84.95F€5 11 F€3.03Cr0 26Nio.007) 23 0.697 9.220
(Si310Alo.81) (Alo 2Mgs 16F€3 11 Fed 04Cro.51) 24 0.706 9.231
(Si3 11Alo.59) (Alo.19Mgs 1Fe516Cro,60) 25 0.705 9.215
(Siz.01Aly.00) (Alo 36Mgs 03F€d 23Fe3 11Cro 27Nio.02) 26 0.705 9.219
(Siz.83Al1.17) (Al1 26M4.06F€5 42F €3 15) 27 0.683 9.192
(Si.88Al1.12) (Al oMg4 s6Feg 16Fed 22 Nio.01) 28 0.688 9.222
(Si3'55Al0.45)(Al0497Mg442§+egf06FegENio'22) 29 0.685 9.192
(Si3.0Al1.0) (Alo 2Mgs oF€5:1Cro.7) 30 0.703 9.240
ESi3.21/'l\lo.;Ea)(lAloAseMg)4A7zFeg.+10Cfo447Mng:romNio.os) 31 0.695 9.170
Siz.0Al1.0)(Al1oMgs 0 32 0.689 9.187
(Si317Alo.53) (Alo.63M84.26F€5 20F€d 25C0,023Ni0.25) 33 0.691 9.246
(Siz.72Al1 28) (A11.35Mg0.41Fe§T42FeggeMn%.tns) 34 0.706 9.306
(Siz.54Aly 46) (Alo.8aMgo 7Fe3 51 Fe 1sMnG s3) 35 0.714 9.350
(Siz28Alo.08) (Al 72M84.05F €3 04Fed 04, Cro.23Nio 02) 36 0.694 9.227 Structure refinement parameters: Bailey (1991c)
(Siz.90Al;.01) (Alo.71M84.92F€5 06F€D 06 Cro.25) 37 0.694 9.228 Structure refinement parameters: Bailey (1991c)
(Siz.17Alo g3) (Alo.77Mgs >F€d 17Fed 15) 38 0.695 9.230
ESiz.mA:1.36;EA:0A85ME3A1Fe%;s)sz)eggz) 39 0.708 9.286
Siz.60Al1.31) (Al1.5sMg3 47F €5 86 40 0.680 9.241
(Siz.87Al1.13)(Alo.79Mg4 6F €5 4F€S 21) 41 0.698 9.236
(Siz.62Al1 38) (Al 35Mg5 ssFe? ssFed5,Cro.002) 42 0.692 9.267 Structure refinement: Rule & Bailey (1987)
(5i3.55A|0.45)(A|1A17MgoA7eFe§2Mnéfoﬂ , 43 0.703 9.257
(Si2.84Al1 16) (Alo.osMgo.7sFe3 osFed ssMNg 33) 44 0.719 9.344
(Siz.73Aly 27) (Aly.16M4.74F€5.07MNG 0s4) 45 0.685 9.210
(Siz1Alo.0)(Aly 7oMgs saFed 5sFed 1:Mn3 o) 46 0.700 9.240
(Siz.60Al.31) (Al1.13Mg5 s6Fe] sFed 1aMNG 04) 47 0.703 9.290
(Siz.56Al 44) (Al1 25Mg1 02F€3 40F €3 19MN ) 48 0.715 9.350
(Siz.43Aly57) (Aly 54Mgo 2F€5 1 7Fe5 03MNG o) 49 0.715 9.365
(Si.54Aly 46) (Al1 20Mg1 01F€3 24F€331MNG 0s3) 50 0.711 9.348
(Siz.'ral'\l1.27)(/'\1145MgmaF‘3§2074|V|3"1%,+055)2+ 51 0.685 9.208
(Siz.54Al1.46) (Al1. 20M81.01F€3 24F€5.41MNG 053) 52 0.711 9.354
(Siz.07Aly.03) (Aly 35Mg2 24Fe] aFed asMNG 031) 53 0.685 9.282
(Siz.17Alog3) (Alo 8sMg3 16F€3 55F€d 20MNG 00o) 54 0.706 9.270
(Siz.78Al1.22) (Al1 24Mg4 27F €5 20F €3 06) 55 0.683 9.216
(Siz.3Al17)(Aly.14Mg3 21 Fed beFeds) 56 0.647 9.198
(Siz.77Aly 23) (Al; 76M83 58F€5 20F€5.03MNG o) 57 0.666 9.216
(Sio7Aly 3)(Al; sMg; sFe3l) 58 0714 9336
(Siz.01Aly 00) (Aly 56Mg1.11F€3 04) 59 0.701 9.314
(Siz.64Aly.36)(Al; 76Mgo 82F€3 1) 60 0.697 9.326
(Siz.50Al;.41) (Al1 84M0.83F€3 006) 61 0.692 9.324
(Siz.67Aly.33)(Al; 73Mgo 79F€3 26) 62 0.698 9.324
(Siz.62Aly 35) (Al1 6sMgo.93F€3 23) 63 0.700 9.319
(Siz.61Al30)(Al; 7,Mgy 19F€3 5MNF02) 64 0.696 9.311
(Siz.5Al 5)(Alo sMgsFes ) 65 0.706 9.270
(Si3.01Alo.99) (Alo 09Mg1 67F€5 5Fed 1aMN 05Ni.62) 66 0.679 9.214
(Si2.26Al1.74) (Al1.33Mg4.42F€35,03Cro.10) 67 0.675 9.209
(Si3.11Alo.g9) (Alo 65Ms.4aFed > Fed aMNG b1 Nio 01) 68 0.695 9.245
(Siz.88Al1.12)(Alo.75Mgs.47F €53 57) 69 0.689 9.256

(Continued)
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Table 8. (Continued.)

Natural chlorites (anhydrous composition) Sample? R b References Comments
(5i2.54A11.46)(Alo.glMgzssFiggFei:uM2%.)(09’\‘i0.01) 70 0.686 9.264
. + -+ +
(5|3.01A|0A99)(Al1AoMg4.12Feo.234Feo433MnoA021) 71 0.688 9.233
(Siz.e5Al1.35) (Al 1Mo 63F€3 19F€0 52MNG 00) 72 0.710 9.362
(Si2.4Aly6)(Al1.14Mg4 59F€35,05Cro.25) 73 0.680 9.206
(Si.2Al1 g)(Aly 67Mg3.97F€35,17Cro.12) 4 0.664 9.192
g
(Si3 53Alo.47) (Alo.47M4.7aF€5 25 €3 2sMNG 01 Nio.02) 75 0.704 9.237
84 X
(Siz.81Aly.16) (Al1 30Mo.82F €3 60) 76 0.714 9.231
(SizAl;) (Al ssMgs.s3FedssFed 1 MNd o2) 7 0.699 9.222
(Si3.13Al0.87) (Alo 65Mg4 3sFed 5eMN301) 78 0.691 9.224
8a
(Siz.07Aly.03) (Alo.0sMgs.43Fe5 17F€d 25 Nio 07) 79 0.687 9.215
84
(512.95Al1,05)(All.osMgtl.lee%TMFegfnNio,oz) 80 0.686 9.228
(Siz.64Aly.36) (Al1.4sMg1 30F€312MNG 0ga) 81 0.708 9.336
(Si3.06Alo.04) (Alo 694Mg4 715 Fe3 " 109F €3 569Cr0.128Ni0.011) 82 0.694 9.228
g
i-tri and di-dioctahedral chlorites jewiora ilamowski (1
Di-tri and di-dioctahedral chlori Wiewiora & Wil ki (1996)
(Siz.g6Al1.14) (Al 0sMg; osFed 14FES 05) 1 0.613 9.058
(Sia.14Alo s6) (Al 1MEo.0F€d 01 F€d oaLio.26) 2 0.553 8.956 Structure refinement parameters: Bailey (1991c)
(Si3.06Alo.04) (Al 4sMg5 saFed o1 Fed 03) 3 0.630 9.060
g
(Siz.3Alo.7) (Al2.7Mg> 3) 4 0.620 9.014
(Si3.06Alo.94) (Alo.28M84.56F€5.06F€5.013Cr0.46MNd 001 Nio.03) 5 0.702 9.216
(Siz.48Aly.52) (Aly 52ME0 32F€3 26F €3 0a) 6 0.706 9.314
(SIZ.SGAILM)(A12.9Mg1.96Fe%.+22) 7 0.617 9.054
(Siz.12Alo.88) (Als.oM80.24) 8 0.545 8.940
(Sis.osAlo,saz)(Al3.9Mgo.11Fel3ﬁnscro.02Mn%joosl—io,sz) 9 0.578 8.890
(Si3.04Alo.96) (Al3 sM80.14F€5 015Ni0.005Li1.13) 10 0.590 8.885
(Si3 3Alo 7) (Al /Mg, 5) 11 0.620 9.070
g:
(Si3.01Alo.99) (Al.8aMg1 01 F€5 02F €3 15MNG 1) 12 0.612 9.080
(Siz.99Aly.01) (Al.85Mg1 94F€5 17MNG 1) 13 0.612 9.083
(Si3.43Alo.57) (Al 7 Mgy o7F €5 0aFed o) 14 0.615 9.042
(Siz.05Al1.05) (Als 5oMg0.02F €5 psLin 11) 15 0.587 8.930
24
(Si3 26Alo.74) (Als.02Mg1 18F€5 033F €3 35MNG 00a) 16 0.593 9.050
g
(Siz.88Al1.12) (Al 35Mg5 01F €3 012) 17 0.637 9.190
(Siz.70Al1.21) (Al1 3aM2 23F€5 20F €D 50) 18 0.658 9.180
(Si3.01Alo.00) (Al 5oMg;1 goFed 1 Fed 676MNG 024) 19 0.613 9.063
g
(Si3.0AlL.0)(Aly.83Mg5 oF €3 15Li0.015) 20 0.613 9.067
(Siz3Alo.7) (Al .86Mg; 52Fe€d 13) 21 0.614 9.090
(Si3 27Alo.73) (Als.02Mo.013F€5 003Li0.66) 22 0.567 8.929
(Siz.06Al1.04) (Alz 97Li1 11) 23 0.584 8.920
(Si3.08Alo.92) (Al3 06Mo.017F€3 007Li0.98) 24 0.580 8.957
(Siz.2Alo.8) (Al3 2Mg1 6) 25 0.597  9.054
(Si3.02Alo.98) (Al 05Mg1. 79F €3 06MNG 004) 26 0.604 9.054
(Si328Alo.72) (Als 0sMg1 10F €5 h3sFed 3s) 27 0.592 9.054
g
(Siz2Aly g)(Al; Mg, gFed5Fel’) 28 0.663 9.300 Problematic redox suspected (Steinfink, 1958)
(Si3 38Alo.62) (Al 96F €5 04F€5 0oL i0.7) 29 0.572 8.900
(Siz.36Al.64) (Al3 14Mg1 8F€51Cro.12) 30 0.604 9.207
(Siz.08Al1.02) (Als 77Mgo o6Fed 1 Fed 15Li1 27) 31 0.599 8.930
24
Other chlorites Radoslovich (1962)
(Siy Al 5)(Al; sMg, sFel?) Ripidolite 0696  9.283
(Siz.6Aly 4)(Aly sMgo 4Feds) Bavalite 0.716 9.365
(Siz.5Aly 5)(Al; Mg, JFed 7 Feds) Thuringite 0.668 9.192
(Siz.6Aly 4)(Aly 2,Mg4 oFedss) Grochanite 0.682 9.227
(Sip.0Aly 1) (Alo /Mg, oFe3 5 Feds o) Diabantite 0718  9.305
(Siz.1Alo o) (AlgMgs 1Fed5Cro6) Kammererite 0.706 9.242
(Siz.5Aly 5)(Al; 6Mg4 sFed’) Sheridanite 0.672 9.226
(Siz.g8Al1.12) (Al; 21Mg; gaFed’s,) Mg-chamosite 0.711 9.33
(Siz.62Al1 38) (Al1 18M8o 25F €3 37MN3 5) Pennantite 0.751 9.40
(Si.4Aly 6)(Alo ssMgo 7Fe37Fed’rs) Thuringite 0.721 9.30
(Siz 7Aly 3)(Aly 4Fe3sFeds) Thuringite 0.706 9.31
g
(Siz.25Al 75) (Al gMgo 35Fe3 7sFed os) Bavalite 0.742 9.35
4
(Siz.72Al1 26) (Al1 35Mgo 52Fe3 37Fe3 18MNg o) Daphnite 0.710 9.38
(Siz.00Aly.01)(Aly.1,Mg0 75Fe33Fed se) Chamosite 0.710 9.36
(Siz.42Al; 58) (Alo s3Mgo 72F €3 sFed76) Thuringite 0.722 9.32
24 g
(Siz.6Aly 4)(Alg 7sMg4 oFed o7Fed’17Cro 15) Corundophillite 0.693 9.27
84
(Si3 1Alo.0)(Al; sMgo.75F€3 35Feg o) Chamosite 0.706 9.36
g
(Siz.0Aly 1) (Alg g2MEs 20) Leuchtenbergite 0.695 9.19
(Siz.6Aly 4) (Aly 30Mgs 6Fed o Fedtio) Sheridanite 0.679 9.21
(Siz.6Aly 4)(Aly 40Mgs oFed70) Chlorite 0.684 9.21
(Siz.42Al1 5) (Al1 0:Mg 7Fe3 ) Prochlorite 0.712 9.21
(Sis.03Alo.o7) (Alo 17Mgs 0sFed 11 Feq 04Cro71) Chrome chlorite 0.703 9.25
11b-4 triclinic clinochlore Smyth et al. (1997)
(Siz.96Al1.04) (Alo.841ME2.924F €5 076F €3 102Cr0.004 Tio.004) NMNH #R4513 0.680 9.226

(Continued)
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Natural chlorites (anhydrous composition) Sample? R b References Comments
Cookeite Zheng & Bailey (1997b)

(Si3.042Al0.958) (Ala.017M80.007F€0.009Cr0.005Li0.852) Little Rock 0.575 8.940 Two-layer ‘r’ structure
Vanadium chlorite Whitney & Northrop (1986)

(Si3 54Alo.46) (Aly.02M81,14F€5 48Vo.aLi0.04) TM05 0.612 9.120

(Si3.59Alo.41)(All.95Mg1,01Feg.+5V0.43|—i0.05) T™M6 0.611 9.120

Fe*-sudoites Billault et al. (2002)

(Si3 32Alo.65) (Alp.03Mg1 s5Fe) 13F€) 15) MR2 0,606 9.054

(Si3.42Alo.55) (Aly.87M81 24F€5 24F €5 33MNo 03) MR11 0,605 9.066

b is a crystallographic parameter (A).

R=mean ionic radius of octahedral cations (A) calculated with r(Li")=0.76 A (see text for details).

“Sample reference in the paper.
bTypographical error; original value: Alg gsMgo 7Fe25sFeds.
“Instead of Mg, 175 - corrected from the source paper (Zheng & Bailey, 1989).

plot correlation lines (Figs 21 & 22). In this regard, the data scat-
tering shown in Fig. 21 is probably related to the structural com-
plexity of chlorites associated with multiple possibilities of misfit
accommodation, variable composition and charge balance
between T and O sheets and chemical uncertainties.

Discussion

For the samples studied (i.e. hydroxides, oxyhydroxides, LDHs,
TO phyllosilicates (kaolinite-lizardite or modulated series), neu-
tral TOT phyllosilicates (pyrophyllite-talc series), smectites
(same as the neutral TOT phyllosilicates), micas (muscovite—
phlogopite, phlogopite-annite, tetrasilicic micas series) and chlor-
ites), the first-order relation in Equation 10 can be applied:
b=AR+B (10)
The A and B parameters for the various families are reported in
Table 10. The ionic radii dataset taken from Shannon (1976)
allows us to obtain suitable R values, except for Mn>", as discussed
for groutite, and Li*, as discussed for micas and chlorites, for
which a smaller size appears to be more suitable. The equations
for the regressions of these minerals were reported (Table 10)
with R calculated with r(Li*)=0.60 A rather than the 0.76 A
value from Shannon (1976).
The b vs R correlation lines determined for all of the studied
mineral families were reported on the same plot (Fig. 23a).

(a) 9.60
b=2.5105.R+7.518
R?=0.8651 sample 28
9.40 4 sample 8 / .
’ erroneous ’ s
— sample 30 T™0e ..‘6‘“
< 9.20 A \‘6\ P '.’ sample 8
Q cookeite \‘ corrected
(refined) t. _
. clinochlore
9.00 A \ (refined)
Lo
8.80 : :
0.50 0.60 0.70 0.80

R (A) with r(Li*) = 0.76 A

Note that the development of correlation lines does not necessar-
ily imply the existence of a complete isomorphous series between
end members, which is obviously dependent on their physico-
chemical conditions of formation and thermodynamic stability.
Samples that are not represented on this plot because no b vs R
linear relation could be observed will be discussed later. b of a cal-
culated theoretical ‘free’ T Si-O sheet (= by) is ~9.15 A and
increases with tetrahedral substitution (Equation 3; by, &~ 9.34 A
for Sib%sAly,s). The determined b vs R regression for M""(OH),,
hydroxide structures can be considered as representing the ‘free’
O sheets (i.e. without any constraint from the T sheets). The T
sheet and O sheet (hydroxides) lines intercept at R ~ 0.65 A and
at R ~ 0.69 A when a quarter of Si is substituted by Al (Fig. 23a).

The slope of the regression line (i.e. the A parameter in
Equation 10) is found to be significantly higher for hydroxides
than for phyllosilicates, except for the TO phyllosilicates with
modulated structures (Fig. 23a & Table 10). Such a contrast
demonstrates the prominent role played on b by the misfit accom-
modation between the lateral dimensions of the O and T sheets.
This finding was used to derive a structurally based interpretation
of the evolution of b with R in terms of processes of misfit
accommodation.

Globally, at the lattice scale, the b vs R linear relations
(Fig. 23a) were interpreted mainly as resulting from the misfit
accommodation by coupling more or less pronounced tetrahedral
rotation and O sheet flattening whatever the value of R. These two
processes are often presented as being the main ways by which to

(b) 9.60
b =2.2995.R + 7.6655
R?=0.8839 sample 28
9.40 A '/ ? sp-"
Py sample 30 \\ * 5 .”
oL N ot 4
— 9.20 - . L \. ™
o cookeite o L
Iefined) ..’o clinochlore
9.00 - et e (refined)
8.80 T T
0.50 0.60 0.70 0.80

R (A) with r(Li*) = 0.60 A

Figure 21. b vs R for chlorites (Table 8). Calculation of R performed with (a) r(Li*) =0.76 A and (b) r(Li*) =0.60 A. Dark blue circles = di-tri and di-dioctahedral chlor-
ites; yellow circles = trioctahedral chlorites; dark green circles =various chlorites (Radoslovich, 1962); pink circles =vanadium chlorites; light green circles = Fe®
*-sudoites; red circle = clinochlore (Smyth et al., 1997); light blue circle = cookeite (Zheng & Bailey, 1997b); open circles = Li-containing chlorites; dotted line = regres-

sion calculated with all samples.
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a) 1.02 b) 4.0
@) b/byet. =0.1991.R + 0.8504 ®) /sample 30
1.01 A R2=0.7783 i 3.0 4 . L]
1.00 g--m-m=mm=mmns -----------‘(--_:4'3-'.--- © 2.0 1 " ’
. £ hokéite .‘r clmpchlore
@ 0.99 - o ~ g 1.0 A(refined) 1_. o (refined)
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£:20 .-"‘f{reﬁned} R 201 L a78e
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0.50 055 060 065 070 0.75 0.80 0.50 055 060 065 070 0.75 0.80
R (A) with r(Li*) = 0.60 A R (A) with r(Li*) = 0.60 A
(c) 20 z
a,. = 0.8537.a,,, - 0.9524 .
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Figure 22. (a) b/by. and (b) percentage of octahedral enlargement vs R calculated with r(Li*) = 0.60 A for chlorites (Table 8). Same samples and colour code as in
Fig. 21. (c) Tetrahedral rotation angle measured using structural refinement o, vs calculated tetrahedral rotation angle o.c,c: blue = using fixed Si-O and Al-O bond
lengths (1.618 and 1.748 A, respectively); orange = using mean T-O bond lengths obtained using structural refinement (see Table 9 and text for details). The dashed

line represents the line of isovalues.

accommodate misfit in micas (e.g. Radoslovich, 1962; Donnay
et al., 1964; Toraya, 1981). From dioctahedral to trioctahedral
phyllosilicates, a decrease of the tetrahedral rotation angle o
allows us to decrease the lateral T sheet dimension, whereas a
thickening of the O sheet allows us to decrease the lateral O
sheet dimension. The b/by and % O enlargement vs R plots
(Figs 23b & 23c, respectively) are complementary representations
of the b vs R plot (Fig. 23a), allowing us to distinguish better the
respective roles of the T and O sheets.

Table 9. Summary of tetrahedral parameters of chlorite. Sample reference from
Table 8. Tetrahedral rotation angle o,.: measured using structural refinement;
Ocalc: Calculated (o= arccos(b/biet); Equation 4; see text for details).

Mean bond length (A)

Samplea IVAI Olyef (o) Olcalc (o)

T-0° Si-0°  Al-0°
Trioctahedral
42 - clinochlore 11b-2  1.378 8.5 9.9 1668 1.612 1.742
37 - clinochlore 11b-4 1.010 7.2 88 1659 1.611 1.741
36 - clinochlore 11b-4 0.980 7.2 8.6 1.653 1.612 1.742
82 - clinochlore 11b-4 0.944 6.9 8.3 1.652 1.613 1.743
82 - clinochlore 11b-2  0.944 6.8 83 1653 1.612 1.742
15 - clinochlore I1b-4 0.840 6.5 7.3 1.651 1.615 1.745
Dioctahedral
Cookeite - laa 0.958 14 16.6 1.657 (x3) 1.685 1.598 1.728
2 - donbassite la-2  0.860 13.5 159 1.6751.617 1.600 1.730

?Sample reference in the paper.

bFrom structural refinement.

“Calculated using the following equation derived from Equation 3: (Si-O) = (beet, - \/Z'VAIA)/
(4\/2), with by, obtained from Equation 4 along with ouer, and with A=0.13 being the
difference between Si-O and Al-O bond lengths.
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For TO phyllosilicates (excluding 'VAl- and "VFe**-serpentines
and modulated phyllosilicates), TOT neutral structures, micas
(excluding those with small interlayer cations (Na and Ca) and
with interlayer depletion (micaceous samples)) and chlorites,
the O sheet dimension, and thus R, mainly drives b. The various
slopes observed (Fig. 23a) for the various families are then related
to the relative importance of the adjustments of T and O sheets in
the misfit accommodation. This agrees well with Bailey (1984b),
who stated that ‘the T sheets appear sufficiently flexible to con-
form to the lateral dimensions dictated by smaller O sheets, and
T and O lateral dimensions are similar enough that articulation
of T with O sheets can be accomplished readily by tetrahedral
rotation and additional thinning or thickening of O sheets’. The
thinning or thickening of phyllosilicate O sheets is compared
here to the thickness of their hydroxide counterparts (i.e. hydro-
xides with the same R as the considered phyllosilicates).

It is worth noting that O sheet thickening occurs (% O
enlargement < 0 in Fig. 23c) when the O sheet remains smaller
than the T sheet (b/b. < 1 in Fig. 23b).

For tetrasilicic micas and the muscovite-phlogopite mica ser-
ies, b < by, whatever the value of R (Fig. 23b), whereas the octa-
hedral flattening varies continuously, with the thicknesses of O
sheets being similar to those of their hydroxide counterparts for
R ~ 0.62 and 0.65 A, respectively (Fig. 23c). The slopes of the tet-
rasilicic mica (Siy)° and trisilicic mica (M-Ph)° regression lines
are similar. For the same R, b values and flattening of the O
sheet are greater for trisilicic micas than for tetrasilicic micas
(Fig. 23c), agreeing well with the O sheet thickness measured
using structural refinement (Table 11). Only one refined data
point for talc was available for comparison with neutral TOT
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Table 10. Regression parameters proposed for the various mineral families investigated.

Regression type b=AR+B b/bietr. =CR+D % O enlargement®=ER+F
Hydroxides 451R+6.22
MO(OH) oxyhydroxides 4.6673R +6.0546
LDHs 4.2043R +6.3758
TO phyllosilicates
Kaolinite-lizardite (K-L) 1.5092R +8.1371 0.1649R +0.889 -33.489R +21.497
Greenalite-caryopilite (G-C) 6.8545R +4.3037 0.7489R +0.47
Al-serpentines (G-C)’ 0.7489R +0.47
Fe3*-serpentines (Fe*-Serp)’ 0.7489R +0.43
Neutral TOT phyllosilicates
Pyrophyllite-talc (P-T) 1.1162R + 8.3691 0.122R+0.9144 -38.126R +24.21
Micas®
Muscovite-phlogopite (M-Ph) 1.1479R +8.3794 0.1229R +0.8975 -37.514R +24.23
Phlogopite-annite (Ph-A) 2.3942R +7.4821 0.2564R + 0.8014 -20.056R +11.66
Tetrasilicic micas 0.8694R + 8.4637 0.0944R +0.925 -39.421R +24.328
Phengite-micaceous samples 0.2373R +0.8376° -46.185R +28.869¢
Chlorites 2.2995R + 7.6655 0.1991R +0.8504 -24.452R +16.031
“Compared to hydroxides.
bSee Table 7 for details on sub-relationships.
“Refers to phengites.
9Refers to micaceous samples.
(a) 9.90 (b) 1.02
.\6@5\, :
9.70 1 (chlorites) i '{_’? 'T}_
5 Wik (=214 = A
. 9.50 A l!fr;ﬂ{ }' O e : -_I'-;‘e'*'-"----.—‘-‘_:.—'----
e £ ,f I ot
= 930 - = -
______ ——— — -Q ™
9.10 - 0.98 - (Ph-A)’
_ R (M-Ph)’
890 4: - (P-T) (chlorites)’
” (Si.
8.70 o T T T 0.96 — T T T
0.53 0.60 0.67 0.74 0.81 0.53 0.60 0.67 0.74 0.81
o
5 (Ph-A)°
£ 25 1 (M-Ph)®
gﬁ (chlorites)®
1o
c
Q
o
-3
-5,0 T T T
0.53 0.60 0.67 0.74 0.81

R (A) with r(Li*) = 0.60 A

Figure 23. (a) b vs R calculated with r(Li*) =0.60 A for the various studied phyllosilicates structures: horizontal dashed grey lines = calculated theoretical ‘free’ T
sheet (dark grey: unsubstituted; light grey: Sio7Alo.25); black dashed line = experimentally determined regression for hydroxides (see text for details); coloured dot-
ted lines = regression lines determined in this study, such as kaolinite-lizardite (K-L), pyrophyllite-talc (P-T), muscovite-phlogopite (M-Ph), phlogopite-annite (Ph-
A), tetrasilicic micas (Siy), (chlorites) and TO-modulated phyllosilicates (G-C). (b) b/bet. vs R for the same phyllosilicates as in (a). (c) Percentage of octahedral
enlargement compared to hydroxides (see text for details) vs R for the same phyllosilicates as in (a). The intersections between the 0% O enlargement line
(black dashed line) and the coloured dotted lines correspond to R for which the thickness of the O sheets is the same for phyllosilicates and hydroxides.
Above this 0% O enlargement line, the O sheets of phyllosilicates are thinner than the hydroxides for the same R, whereas below this line they are thicker.

structures without interlayer cations, as the (P-T)° line also has a
similar slope to the tetrasilicic (Si,)° and trisilicic (M-Ph)° mica
lines.

For talc, the octahedral flattening is comparatively more pro-
nounced than for tetrasilicic micas and comparatively less
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pronounced than for trisilicic micas (Fig. 23c), agreeing well
with the O sheet thicknesses (Table 11). However, the calculated
values of the tetrahedral rotation angle o are lower for tetrasilicic
micas compared to trisilicic ones, but they are far greater than the
measured ones (Table 11). For tetrasilicic micas, the tetrahedral
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Table 11. Structural details for some phyllosilicates for comparison. Sample reference from Table 6 for micas and Table 4 for talc. R calculated using r(Li*) =0.60 A.
Tetrahedral rotation angle ot measured using structural refinement; o.,c: calculated (o=arccos(b/biet); Equation 4; see text for details). % O enlargement
compared to hydroxides; O sheet thickness measured by structure refinement and o from Brigatti & Guggenheim (2002) for micas and from Drits et al.

(2012) for talc.

Sample R (A) b (A) et (°) deare () % O enlargement O sheet thickness (A)
SizAl K-mica 5 - muscovite 0.581 9.074 7.7 12.1 2.7 2.107
SisAl Cs-mica 49 - nanpingite 0.577 9.076 57 12.8 2.9 2.079
Siy K-mica 96 - polylithionite 0.578 8.968 3.0 115 1.6 2.095
SizAl K-mica 85 - ferrian phlogopite 0.677 9.210 73 10.5 -0.7 2.112
SizAl K-mica 137 - ferrian phlogopite 0.685 9.212 1.4 10.4 -1.0 2.113
SizAl K-mica 146 - lithian siderophyllite 0.677 9.195 4.1 10.2 -0.8 2.109
Siy K-mica 105 - tainiolite 0.680 9.065 1.1 7.9 -2.4 2.192
Si; K-mica 3 - celadonite 0.682 9.050 1.3 9.0 -2.6 2.249
SizAl K-mica 98 - fluoro-phlogopite 0.720 9.238 7.6 10.1 -2.9 2.138
Siy K-mica 104 - tetra-silicic-F phlogopite 0.720 9.086 1.4 6.9 -4.0 2.186
Talc 0.720 9.173 3.6 0 -3.1 2.168

rotations probably have to be limited to ensure sufficiently large
holes for K, and the contribution of the O sheet has to be more
pronounced to allow congruency between the O and T sheet
dimensions.

For lizardites and talcs, b> by for R>~0.67 and ~0.70 A,
respectively (Fig. 23a), but for the tetrasilicic and muscovite-
phlogopite micas, the octahedral flattening varies continuously
whatever the value of R.

For chlorites and phlogopite-annite, the O sheet becomes
greater in the lateral dimension than T sheet for high R, and tetra-
hedral substitution rates are greater and thickening of O sheets
occurs more strongly than for the other phyllosilicates (Fig. 23c).

These results agree well with previous works (e.g. Toraya, 1981;
Lin & Guggenheim, 1983; Weiss et al., 1985, 1992), and especially
with Hazen & Wones (1972), who suggested that octahedral flat-
tening is controlled by the octahedral cation radius.

The aforementioned structurally based interpretation probably
underlies the approximately similar regression lines observed for
the (K-L), (P-T), (Siy) and (M-Ph) sample series (Fig. 23a), sug-
gested that tetrahedral rotations and O sheet flattening are the pri-
mary crystallographic distortions allowing the T and O sheet
accommodation. The role of the presence of a T sheet on b can
also be evidenced by analysing the evolution of the b vs R regres-
sion line of trioctahedral micas and chlorites. The greater b values
obtained for these minerals for great R values compared to other
phyllosilicates (Fig. 23a & Table 10) could be due to the presence
of trioctahedral O sheets coupled to large lateral T sheet dimen-
sions. The above two features probably strengthen the decrease
in tetrahedral rotation (Fig. 23b) and limit O sheet flattening
(Fig. 23c¢) in trioctahedral micas and chlorites compared to the
other phyllosilicates.

The (G-C) line exhibits a greater slope than the correlation
obtained for chlorites or even for the hydroxides (Fig. 23a).
This probably indicates a strong influence of the O sheets
(which are similar to hydroxides sheets; Fig. 6b) over the T
sheets for the (G-C) sample series and may explain the origins
of the observed corrugated structures as a way to accommodate
the dimensional misfit in these minerals. Such a mechanism is
less likely to occur for TOT structures due to the constraints
applied by the two sandwiching T sheets. The (G-C) line
intersects the correlation line for chlorites when the dimensional
misfit between T and O sheets is minimal (Fig. 23a). Note that
even if the slope of the (G-C) line is greater than that observed
for the hydroxides, the two lines never intersect (Fig. 23a),
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probably providing evidence of a structural limit to misfit
accommodation.

The similarity of b values between chlorites and serpentines for
the same octahedral composition may explain their intimate rela-
tionships in geological processes (e.g. Ryan & Hillier, 2002; Zhang
et al, 2021).

For "VAl- and Fe®'-serpentines, excellent regressions were
obtained for b/b. vs R (Fig. 6a), and the results obtained using
Equation 10 were improved by integrating the tetrahedral sheet
composition using Equation 11:

b/beee,. =CR+D (11)
with by, calculated according to Equation 3 and C and D being
experimentally obtained regression parameters (Table 10).

As expected, micas with small interlayer cations (Na and Ca)
or those that are not silicic appear ouside of the trends, and spe-
cific processes that ensure congruency between sheets cannot be
assessed using this simplistic approach.

The schematized, structurally based interpretation of the con-
trol of b by R in hydroxides and various phyllosilicates represents
the principal processes but is not unique. As evidenced for the
synthetic mica series, the presence of sub-relationships related
to limited solid solutions is also responsible for variations in
the regression lines. Moreover, this study shows that for smectites
and micas, as expected, the layer charge, especially that arising
from tetrahedral substitution, probably also impacts the observed
b values.

Conclusion

According to the abundant literature, the octahedral chemical
composition of phyllosilicates is related to b. Using the mean
ionic radius of octahedral cations, R allows us to generalize the
various correlations that can be found in the literature between
b and the octahedral chemistry of phyllosilicates and hydroxides,
which are often restricted to limited types of sample series in
terms of chemical composition or dioctahedral vs trioctahedral
character. Integrating the tetrahedral sheet composition using
by, for phyllosilicates that possess tetrahedral substitutions
improves the relation between b and R.

A nanomechanistic interpretation based on misfit accommo-
dation by coupling more or less pronounced tetrahedral rotation
and O sheet flattening explains the results well globally, and this
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potentially impacts the processes of formation and transformation
of phyllosilicates.

Refining the proposed model to account for structural peculi-
arities could represent a logical next step to this work.
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