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Abstract. Biotite, white mica, and chlorite record petrological processes and pressure—temperature conditions.
Unfortunately, their crystal chemistry is complicated and thermodynamic modelling of their phase relations
is hindered by this complexity. This article reviews the main atomic substitutions in metapelitic biotite, white
mica, and chlorite and their relevance to mixing models. A database of chemical analyses, including major cation
content, iron speciation, and H>O content of metapelitic biotite, white mica, and chlorite, is used together with
a series of analyses of white mica and chlorite of metamorphic origin and a compilation of crystal structures of
biotite. Emphasis is first placed on the calculation of formula units and the effect of anionic bases, which may
vary considerably from their ideal values in biotite and chlorite. The analytical precision of volatile components
remains of first-order importance for establishing formula units, with most phyllosilicates showing significant
excess or depletion of structural water if measurements are taken at face value. When analysis is conducted by
electron microprobe, as is frequent in mineralogy and metamorphic petrology, normalization to a hypothetical
anionic base appears optimal in biotite if deprotonation after Ti incorporation is accounted for. For chlorite and
white mica, ideal anionic bases may be used in the absence of alternatives. As for iron speciation, assuming a
fixed anionic basis has consequences for calculated octahedral sums and, in turn, the extent of the di-trioctahedral
substitution. Despite these uncertainties, the di-trioctahedral substitution is important in all three phyllosilicate
types. Other significant exchange vectors include K-Na exchange in mica and Tschermak, Fe>t-Mg, and Al-
Fe3* exchanges in all three phyllosilicates. Low interlayer contents in mica are best modelled as solid solutions
towards minerals with cation-free interlayer spaces, such as pyrophyllite for white mica and talc for biotite.
Elemental ratios are useful for the graphical representation of electron microprobe measurements as they do not
require normalization to anionic bases.

Cation site distribution schemes are important for thermodynamic modelling. This study reviews classical
approaches, highlighting possible improvements and offering a simplified allocation scheme for tetrahedral Si—
Al ordering applicable prior to thermodynamic modelling. A set of independent compositional end-members is
proposed for all three phyllosilicates, and the need for systematic studies of the presence of tetrahedral Fe3T in
metamorphic phyllosilicates is highlighted. The database is provided in the Supplement with spreadsheets for
formula unit calculation, cation site distribution schemes, and visualization of compositional data.
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1 Introduction

Phyllosilicates serve as valuable petrological tracers, with
mica and chlorite having been used for decades in geother-
mobarometry. Dioctahedral and trioctahedral micas are
choice targets for petrochronology through radiochronomet-
ric dating (typically Ar/Ar and Rb/Sr dating). Modelling the
phase relations of phyllosilicates is also important for under-
standing rheology because the presence of phyllosilicates can
significantly influence rock strength, strain localization, and
shear zone development (e.g. Gueydan et al., 2003; Airaghi
et al., 2020; Alaoui et al., 2023). The structure of phyllosil-
icates allows for many cation exchanges within tetrahedral
and octahedral sheets (containing varying amounts of hy-
droxyl groups) and in the interlayer sites of micas. In meta-
morphosed pelitic sediment, it is commonly assumed that
the distribution coefficient of Mg and Fe between garnet
and biotite (Mggarnet - Fepiotite/ (MEpiotite - F€garnet)) increases
with metamorphic grade (e.g. Thompson, 1957; Lyons and
Morse, 1970) together with the Ti content of micas (Kwak,
1968; Guidotti et al., 1977), that the Si content of phen-
gitic mica increases with pressure (e.g. Velde, 1965; Mas-
sonne and Schreyer, 1987), and that the Al content of low-
temperature chlorite increases with temperature (e.g. Cathe-
lineau and Nieva, 1985). Whilst thermodynamic modelling
is capable of reproducing such compositional variations, the
abundance of substitutions in phyllosilicates complicates ra-
tionalization. In very-low-grade rocks, the picture is fur-
ther obscured by the small size of phyllosilicates and their
frequent interlayering, requiring transmission electron mi-
croscopy (e.g. Nieto, 2002; Abad et al., 2006). With pro-
tracted debates stemming from analytical difficulties, the
petrological relevance of some substitutions remains uncer-
tain, especially those involving vacancies and variable iron
speciation. Consequently, current thermodynamic models of-
ten predict unrealistic compositional variations with chang-
ing pressure and temperature (see, for example, Fig. 4C of
Waters, 2019; Forshaw and Pattison, 2021, 2023a; Dubacq et
al., 2023).

This study presents a compilation of analyses including
iron speciation and the HyO content of biotite, white mica,
and chlorite from metapelites. The compilation is used to re-
call the fundamental effects of selecting anionic bases and to
review exchange vectors. These define general rules for es-
timating formula units and allocating cations to crystal sites.
Corresponding sets of end-members are suggested as a ba-
sis for thermodynamic modelling. For convenience, Table 1
lists the names of the minerals and end-members used in the
article, together with abbreviations and ideal compositions.
Interlayer sites are noted “A” and octahedral and tetrahedral
sites are noted “M” and “T”, respectively, followed by a num-
ber when necessary.
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2 Database

The database used here is provided in the Supplement. It
is based on the compilation of metapelitic biotite, white
mica, and chlorite analyses presented by Forshaw and Patti-
son (2021). Modifications and updates to that database were
as follows. New analyses were added from 23 studies, con-
taining 125 analyses (86 biotites, 32 white micas, and 7 chlo-
rites) from 108 broadly metapelitic samples (Yamada, 1953;
Hietanen, 1956; Miyashiro, 1962; Guitard, 1963; Kizaki,
1964; Rimsaite, 1964; Pattison, 1965; Harte, 1966; Kretz,
1966; Brown, 1967; Lebedev et al., 1967; Onuki, 1968;
Gable et al., 1970; Matejovskd, 1970; Trzcienski, 1971; Das,
1973; Plamenevskaya, 1975; Atkin, 1978; Kanisawa et al.,
1979; Neiva, 1980; Dyar and Burns, 1986; Baldelli et al.,
1989; Rieder et al., 1995). Analyses of the volatile content
(CO,, adsorbed and structural H,O) of biotite, white mica,
and chlorite, not included in the database of Forshaw and Pat-
tison (2021), were added for all samples in which they were
measured in the original studies. Partial analyses of miner-
als (in which one or more of the major components were not
measured) have been excluded. For comparison, additional
analyses were incorporated from studies including other rock
types (igneous and metamorphic), including 154 biotite anal-
yses from the compilation of Li et al. (2020) and 178 chlorite
analyses from Masci et al. (2019). Li et al. (2020) compiled
X-ray diffraction (XRD) structural refinements where the
atom site distribution is well established in addition to com-
position. Masci et al. (2019) collected in situ composition
using XANES and electron microscopy and provided multi-
ple analyses of different crystals in the same sample; in the
compilation of Forshaw and Pattison (2021), each sample has
only one analysis. Analyses of paragonite (dioctahedral mica
analogous to muscovite where Na occupies more than half
the interlayer site) have not been included in the database,
even though paragonite may be found in metapelites.

The resulting database contains 697 biotite analyses in
which all major cations have been measured (SiO;, TiO»,
Al>O3, Fe;03, FeO, MgO, and K,0). Structurally bound
water (HpO+) was measured in 351 biotites (about half the
database). MnO, CaO, and Na,O concentrations were deter-
mined in more than 80 % of the biotites, whilst ZnO, BaO,
Rb,0, Li; 0, P,05, CO,, Cl, and F concentrations were de-
termined in less than 35 %.

For white mica, the database includes 218 analyses in
which major cations have been measured (as with biotite).
H,O+ was measured in 161 white micas (76 %). MnO and
CaO concentrations were determined in more than 89 % of
the white micas, whilst ZnO, BaO, Rb,0O, Li;O, P,0s, Cl,
and F concentrations were determined in less than 35 %.

For chlorite, the database includes 244 analyses in which
major cations have been measured (SiO,, Al,O3, Fe;0s,
FeO, and MgO). H,O+ was measured in 62 chlorites (25 %).
TiO3, MnO, CaO, NaO, and K»>O concentrations were de-
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Table 1. Compositions and abbreviations for phyllosilicates used in this study. Italicized names indicate theoretical end-members (not min-
erals currently approved by the International Mineralogical Association, IMA). These end-members may not be stable under any pressure—
temperature—oxygen fugacity conditions or may remain undiscovered. Unless specified, iron is assumed divalent. See also Warr (2020).

Mineral group Mineral/end-member Abbreviation  Ideal composition
Dioctahedral mica muscovite Ms KAl (Si3Al)O1o(OH),
xr?;[r;‘;l(‘;t:';egasis paragonite Pg NaAl,(SizAl)O;o(OH),
ferrimuscovite Fe3Ms K(AIFe31)(Si3A)O;o(OH),
aluminoceladonite Cel KMgA1)SigO19(OH),
ferroaluminoceladonite Fe-Cel K(FeAl)SigO19(OH),
ferriceladonite Fe3t-Cel K(MgFe31)Sis01(0OH),
margarite Mrg CaAl;SigO19(OH);
illite (Bailey, 1984) Tltggs Ko.75(Al1 75Mg,25)(Si3,5Al9,5)010(OH),
illite (Ransom and Helgeson, 1993)  Iltrgos Ko.gAlj 9(Si3 5Alp.5)010(OH),
Trioctahedral mica phlogopite Phl KMg3(Si3Al)O19(OH);
Z‘i‘?ﬁ;c)](?g;ﬁ;asis annite Ann KFe3(Si3ADO;o(OH),
eastonite Eas KMgyAl)(Sip Alp)O19(OH),
clintonite Cln Ca(MgrAD)(A13S1)019(OH)»
tetraferriannite TFe3 Ann KFe3(Si3Fe3+)O]O(OH)2
aspidolite Asp NaMg3(Si3A)O19(OH),
preiswerkite Prw Na(Mgy Al)(Sip Al)O19(OH)o
siderophyllite Sid K(Fe, Al)(SipAlp)O19(OH),
Ti-rich, OH-free Ti-O KMg, Ti)(Si3A)Opo
ferrieastonite Fe3Eas K(MgyFe3t)(Sir Al si2)010(OH)»
oxo-Al-biotite Oxo0AIBt K(Mg,Al)(Si3A)O11(OH)
oxy-ferribiotite OxyFe3tBt  K(MgyFe3)(Si3A1)O;; (OH)
Di-trioctahedral chlorite sudoite Sud (MgrADAIL(SizAl)O1(OH)g
?;A‘;lle’fﬁzr;(Mzz) (T basis _ femosudoite Fe-Sud (Fey ADAL (Si3ADO1o(OH)g
ferrisudoite Fe3Sud (Mngl)(AlFe3+)(Si3A1)010(OH)g
cookeite Cook (AlpLi)Al>(Si3A1)Oo(OH)g
Tri-trioctahedral chlorite clinochlore Clc (Mg ADMg3(SizAl)O10(OH)g
?&?frfﬁj;:(ml M2y(Ty) _daphmie Daph (Fes AFe3(Si3AlO;o(OH)g
basis chamosite Chm Mgyx <2Fer_ x AD)(MgFe)3(SizAl)O1o(OH)g
amesite Ame Mgy A)(Mgy Al)(SipAl»)O10(OH)g
ferroamesite Fe-Ame (Fey Al)(Fey Al)(Sip Al»)O19(OH)g
kammererite Kam (MgrCr)Mg3(SizAl)O10(OH)g
Al-free chlorite (Mg) Al-free Mg3Mg3SigO10(OH)g
Al-free chlorite (Fe) Al-free (Fe) Fe3Fe3Si010(OH)g
ferriclinochlore Fe3Cle (MgpFe3t)Mg3(SizAl)O1o(OH)g
tri-oxydaphnite OxyDaph (FeoADFe3 ™ (Si3ADO}3(OH)s
Other phyllosilicates pyrophyllite Prl AlSi4019(OH),
talc Tc Mg3SigO19(OH),
kaolinite Kaol Al»SipO5(OH)4
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termined in more than 86 % of the chlorites, whilst P,Os, Cl,
and F concentrations were determined in less than 10 %.

Filtering of analyses has been kept to a minimum in order
to avoid overlooking unexpected substitutions due to possi-
bly unwise assumptions about quality. For chlorite, all analy-
ses were kept. For white mica, three analyses which had for-
mula units (estimated with the measured anionic basis) with
a cation sum greater than 7.3 atoms per formula unit (apfu)
and an alkali sum greater than 1.3 apfu were discarded. Sim-
ilarly, two biotite analyses were discarded due to alkali sums
above 1.2 apfu. Retaining mica analyses with formula units
showing alkali content above 1 apfu does not imply that more
than 1 cation per formula unit (pfu) may be present in the
interlayer space of micas. Instead, it allows for the possibil-
ity of error propagation, such as potential inaccuracies in the
measurement of Si content, which could impact the calcu-
lated formula units. It is noteworthy that the vast majority
of analyses appear to be of good quality, with few outliers in
subsequent figures. Spreadsheets provided in the Supplement
allow figures linked to the metapelitic database to be redrawn
and user-provided analyses to be treated for (i) calculation of
elemental ratios; (ii) normalization to measured and fixed-
charge anionic basis; and (iii) cation site decomposition for
biotite, chlorite, and white mica. Estimations of end-member
type proportions based on elemental ratios are also provided
for chlorite and white mica.

3 Formula units in phyllosilicates and the effect of
selecting an anionic basis

The crystal chemistry of phyllosilicates has been subject to
decades of studies. Their overall structure has been well con-
strained through a combination of XRD, vibrational spec-
troscopy, and chemical analysis techniques (wet-chemistry
and electron microprobe techniques in particular), leading
to anionic bases in the form of O19(OH), for micas and
010(OH)g for chlorite. These correspond to 22 negative
charges (noted 22 Q~, with O~ a negative charge unit pfu)
for micas and 28 for chlorite, which must be compensated for
by cations (summing to 22 QF, with Q7 a positive charge
unit pfu). Halogens may exchange with hydroxyl groups, de-
creasing the number of oxygen atoms but keeping the num-
ber of negative charges constant (see, for example, Figowy et
al., 2021, and references therein). Incorporation of octahedral
tetravalent and trivalent cations can also alter the anionic ba-
sis via exchange with protons in a coupled substitution, such
as for Ti (especially in biotite; see, for example, Dyar et al.,
1993; Waters and Charnley, 2002; and Cesare et al., 2008),
where H leaves the structure:

Mg?* +2(0H)™ < Ti** +20> +H, 1. 1)

This process known as deprotonation (or oxy-substitution or
dehydrogenation) keeps the number of oxygen atoms con-
stant but increases the number of negative charges that must
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be balanced by cations others than H'. There are various
deprotonation mechanisms, some of which occur in oxo-
amphibole (e.g. Hawthorne and Oberti, 2007).

Formula units are obtained via normalization. Three main
approaches are classically followed.

1. Measured anionic basis. This involves normalization
to a fixed sum of anions and anionic groups and us-
ing the number of oxygen atoms per oxide compo-
nent for cations and the content of halogens and struc-
turally bound water when measured. This amounts to
12 (O,0H,F,Cl) for micas and 18 for chlorite. The sum
of anions is negatively correlated to the sum of positive
charges.

2. Fixed-charge basis. This involves normalization to a
fixed number of charges, using twice the number of oxy-
gen atoms per oxide component for cations. In this case
the halogen content is not used during normalization but
is instead added to the anionic basis with the same nor-
malization coefficient. This scheme is popular when in-
vestigating electron microprobe data where measuring
light elements and oxygen is either neglected or impos-
sible.

3. Fixed-cation basis. This involves normalization to a
fixed number of cations or a fixed site occupancy. Sto-
ichiometry can be used to estimate formula units and
the speciation of iron in oxides, garnet, pyroxene, and
chloritoid in particular (e.g. Droop, 1987; Schumacher,
1991). It is less practical in phyllosilicates because they
may contain vacancies and show variable iron specia-
tion. This scheme will not be considered any further
here.

Figure 1 compares the first two normalization schemes. For
chemical analyses used here, octahedral and interlayer sums
are estimated by allocating cations to M sites after filling T
sites with Si and Al and interlayer sites of micas with al-
kali, Ba, and Ca. It is emphasized that this is only a prelim-
inary approach used for comparing normalization schemes
because it may yield interlayer sums greater than unity that
are symptomatic of bad analyses or erroneous cation distri-
bution. For biotite analyses originating from structural re-
finements compiled by Li et al. (2020), the result from the
refinement is used without additional normalization, consid-
ering the anionic basis as measured. For T sites, the agree-
ment between normalization schemes is fair, generally within
0.1 Si apfu for chlorite and micas (Fig. 1a). Interlayer sums
(Fig. 1b) in micas are also very consistent, with differences
below 0.1 apfu. Selecting an anionic basis has a greater ef-
fect over octahedral sums (Fig. 1c—d; see also Laird, 1988)
and therefore on the number of octahedral vacancies: chlorite
analyses are spread over 0.4 apfu (Fig. 1c¢), white mica anal-
yses are spread over 0.2 apfu (Fig. 1d), and biotite analyses
are spread over 0.3 apfu (Fig. 1d). The 22-charge basis also

https://doi.org/10.5194/ejm-36-657-2024
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leads to a systematic underestimation of octahedral sums (by
~ 0.1 apfu) when compared to XRD structural refinements
(Fig. 1d).

The following sections investigate the quality of the
database and quantify the effects of selecting an anionic basis
and possible analytical errors.

3.1 Chlorite

Figure 2a compares the sum of cations (other than H™) to
the sum of positive charges in chlorite, both obtained using
the measured anionic basis. The data show a positive cor-
relation between the two, at first order reflecting the effect
of summing analytical uncertainties: more cations imply a
greater positive charge (and oppositely, fewer cations imply
a lower charge). Arrows in Fig. 2a illustrate this effect based
on ideal clinochlore composition. Octahedral sums are in-
versely correlated with the measured water content (Fig. 2b),
which is not expected if octahedral sum variations are dom-
inated by petrological processes. A Monte Carlo simulation
has been carried out to illustrate the effect of uncertainties
over water content, starting from ideal clinochlore composi-
tion and randomly adding noise in the limit of 1 % for cation
concentration and within 0.3 weight % for [H,O+] contents
(Fig. 2¢). These uncertainties are deemed representative of a
well-functioning electron microprobe for cations and reason-
ably careful measurement of structural water (see, for exam-
ple, Dyar et al., 1991, although SIMS may yield uncertain-
ties in the range of, or below, 0.1 wt % in phyllosilicates, e.g.
Righter et al., 2002; Cesare et al., 2008; Siron et al., 2018). It
is evident from Fig. 2c that the uncertainty in structural water
measurement is crucial as it has a greater effect than the sum
of uncertainties over cations.

The correlation between the sum of cations and posi-
tive charges is similar within 1o uncertainty for the natu-
ral database (Mcations = 5.4(£0.8)Q" + 1.4(£1.2); Fig. 2a)
and the Monte Carlo simulation (f¢ations = 6.4(£0.4)0F +
0.1(£0.6); Fig. 2c), the latter displaying a smaller spread.
An important feature is that the natural data are not cen-
tred around the ideal tri-trioctahedral composition with 28
charges and 10 cations, and all analyses show either excess
charges, cation deficiency, or both. The database is almost
symmetrically dispersed around 28 charges but not around
10 cations (Fig. 2a). In contrast, results from the Monte Carlo
simulation are centred around ideal clinochlore composition
and are symmetrically dispersed (Fig. 2c).

In chlorite and mica, cation sums are limited to a maxi-
mum set by the number of sites and their multiplicity (HT
being a possible exception because several protons may be
part of complexes, such as NHZr in interlayer space of mi-
cas, or occupy silicon vacancies, for example in garnet —
see Reynes et al., 2018; note that this does not apply to all
silicates, for example cage structures accommodating sev-
eral cations). Cations present as interstitial defects should
not amount to more than hundreds of parts per million, i.e.

https://doi.org/10.5194/ejm-36-657-2024

below 0.01 cations pfu. The effect of other impurities such as
contamination by mica interlayered in chlorite has been es-
timated by removing possible mica contamination using the
alkali content. It has been assumed that K originates from
the presence of muscovite, Na from paragonite, and Ca from
margarite, and formula units have been recalculated with
cation sums shown in Fig. 2d. The difference from the orig-
inal value is, on average, 0.014 cations lower and at a min-
imum of —0.059 cations pfu, which is deemed insignificant
compared to cation sums shown in Fig. 2a.

Therefore, cation sums above 10 for chlorite reflect analyt-
ical uncertainties, errors, or impurities such as those shown in
Fig. 2a. Laird (1988) states that chlorite may have excess or
missing brucitic layers (see also Ferrow and Baginiski, 1998),
providing a first explanation of [H»O+-] varying beyond end-
member values. The presence of Fe3t wrongly considered
Fe>*t leads to an increased cation sum but decreased total
charges. Not measuring a major element, such as Li, that is
possibly in significant molar concentrations (e.g. Dubacq et
al., 2023) leads to decreasing cation sums and total charges.
Deprotonation, such as during Fe oxidation, will alter the an-
ionic basis and increase the total charge but not the cation
sum if the [HpO+] content is measured (if not, cation sums
will artificially decrease). These errors do not explain the sys-
tematic lowering of cation sums.

The di-trioctahedral substitution (3M2t < 2M3+ 4 M[],
where M?" is an octahedral cation with charge ¢+ and MO is
an octahedral vacancy) decreases cation sums, e.g. towards a
sudoite component in Fig. 2a, without altering the number of
charges. Incompletely filled cation sites, presumably in oc-
tahedral sheets, are probably a real feature of the chlorite
database, although the exact number of vacancies is uncer-
tain at this point due to analytical uncertainties.

3.2 Biotite

Figure 3 presents several aspects of the effect of the anionic
basis on biotite formula units. As with chlorite, there is a
positive correlation between cation sums and the sum of posi-
tive charges for analyses without XRD structural refinements
(Fig. 3a). The database is not centred around ideal trioctahe-
dral biotite (such as phlogopite), and only XRD results reach
theoretical values of 8 cations and 22 charges. Excess charges
and cation deficiency are the norm.

Figure 3b shows the dependency of the sum of charges
over measured water content compared to theoretical wa-
ter contents of classical biotites with end-member compo-
sitions. As with chlorite, this illustrates the need for precise
determinations of water content. In Fig. 3b, measured wa-
ter contents in biotite extend far below and above the max-
imum spread of the ideal biotites, closely matching the ef-
fect of over- or underestimating water content (grey line in
Fig. 3b, calculated from phlogopite). Deprotonation leads to
a similar trend to underestimating water content, for exam-
ple, along the exchange vector of Eq. (1) or via an exchange

Eur. J. Mineral., 36, 657-685, 2024
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Figure 1. Effect of a varying anionic basis over site occupancies in biotite, white mica, and chlorite, with all values per formula unit. Analyses
from structural refinements compiled by Li et al. (2020) are labelled “biotite XRD”. Red lines indicate 1: 1 correlation. Grey envelopes show
deviation from the red line by 0.1 apfu (dark grey) and 0.2 apfu (light grey). (a) Si content obtained with fixed and measured anionic basis.
(b) Interlayer sums obtained for micas with ideal and measured anionic basis. (¢, d) Octahedral sums for chlorite (¢) and micas (d) with ideal

and measured anionic basis.

vector in the form of M2 + H* « M3t 41/2H, 4. This ex-
change vector, where H™ leaves the structure, may be seen as
the chemical expression of the polysomatic series of biopyri-
boles (Thompson, 1978; Veblen and Buscek, 1980). Result-
ing end-member compositions show 24 charges for zero wa-
ter content (i.e. twice the usual formula unit of diopside),
like the Ti-rich, OH-free end-member proposed by Waters
and Charnley (2002; Table 1, Fig. 3a, denoted Ti-O). The
presence of a chlorite component would increase water con-
tent and decrease the sum of charges (arrows in Fig. 3a, b)
after normalization to the biotite anionic basis, similarly to
the insertion of a “brucitic sheet” replacing K in the A site
(balanced by Si—Al exchange). Interlayering with a minor
dioctahedral mica component would not affect water con-
tent significantly because muscovite shows water contents
comparable to phlogopite of around 4.5 wt %. However, the
misidentification of molecular water (filling interlayer vacan-
cies or residual [HoO—]) as structurally bound water is a
possible cause of the overestimation of [H,O+] (e.g. Foster,
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1964). Another possible mechanism for reducing the num-
ber of charges while increasing water content is leaching of
K™ and replacement by H3;O™, although classical measure-
ment of HyO+ should not include H30™". The presence of
H3O™ in significant proportions in interlayer position is un-
clear in biotite (Bailey, 1984) and would imply equilibrium
with fluids with unrealistically low pH (see, for example, for
illite Jiang et al., 1994, in stark opposition to Loucks, 1991,
who argued that the hydronium ion fills interlayer vacancies
in greater proportions than molecular water on the basis of
statistical analysis of a set of 72 white micas). In any case, at-
tributing the negative correlation between number of charges
and (OH, F, CI) content on the basis of formula units to de-
protonation (e.g. Forbes, 1972) over the entire database is
unwise because formula unit estimation is sensitive to small
variations in measured H,O+-.

Figure 3¢ compares the sum of positive charges to Ti
content. A clear positive trend is seen in XRD refinements,
which include studies dedicated to measuring deprotonation
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during Ti incorporation (e.g. Schingaro et al., 2014), re-
sulting in deliberate sampling bias towards high-Ti biotite.
The trend closely matches the expected Ti-deprotonation ex-
change vector (arrow in Fig. 3c). In the metapelite database,
some Ti-rich biotites show excess charges, whilst others
show few to no excess charges, and conversely, some biotites
with excess charges show little Ti.

Waters and Charnley (2002) suggest that the best scheme
for calculating formula units from electron microprobe data
may be to assume that deprotonation takes place as in
Eqg. (1) above and to normalize analyses to 22+2-nT; charges
(110 +Ti, i.e. 24 charges for 1 Tipfu; Table 1). These au-
thors mention iterative normalization; however, iterations are
unnecessary if the normalization is carried out to 22 charges
after the removal of half the fraction of charges attributed
to Ti. The normalization factor r (r =22/ Xm; Q; for the 22-
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charge basis) becomes r = 22/((Xm; Q;)(1-2Ti/(Xm; Q;)),
with m; being atomic content of cation i with charge Q;.
Figure 3d—f compare normalization schemes, using (i) 11
(O, OH) and the measured HyO+ content, (ii) 22 charges,
and (iii) 2242 - nT; from Waters and Charnley (2002). For
XRD structural refinements, the HoO+ content from the re-
finement is used for the normalization scheme with 11 (O,
OH). Figure 3d and e show that octahedral sums calculated
either with a 22-charge basis or with a (22 4 2 - nT;)-charge
basis do not correlate strongly with those estimated from
the measured HyO+ content (for the Rietveld refinements:
r2 =0.29 with a 22-charge basis and 0.44 with 2242 - ny;
charges). Using a 22-charge basis yields lower octahedral
sums than using the measured HyO+ content, on average
0.05 apfu lower for the metapelite database and 0.13 apfu
lower for Rietveld refinements, with a large variability (o =
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0.10 for the metapelites; o = 0.07 for the refinements). As
expected, the 22-charge basis and (22 + 2 - n;)-charge basis
correlate more positively (Fig. 3f), the latter yielding octahe-
dral sums that are on average 0.1 cations pfu higher. Notably,
the (2242 - ntj)-charge basis yields the best match with octa-
hedral sums from Rietveld refinements, which highlights the
advantage of using the Waters and Charnley (2002) approach
for Ti-rich biotite.

In summary, departures from the ideal trioctahedral biotite
formula unit are typical, with generally lower cation sums
and uncertain octahedral sums but frequent octahedral va-
cancies, excess charges, and charge deficiencies.

3.3 White mica (exclusive of paragonite)

Figure 4 presents the sums of cations and positive charges
in white mica analyses from the metapelite database using
the measured HyO+ content. In contrast with chlorite and
biotite, the white mica analyses are approximately centred
around the ideal dioctahedral end-members such as mus-
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covite and aluminoceladonite (see Table 1) at 7 cations and
22 positive charges, with two-thirds of the analyses within
0.1 cations and 0.25 charges of the ideal dioctahedral end-
members. There is a positive correlation between cation sums
and positive charge, which is similar to that observed in chlo-
rite (Fig. 2a) and biotite (Fig. 3a). Uncertainty in measured
water contents has the same effect as for chlorite and biotite.

In dioctahedral micas such as muscovite, the di-
trioctahedral substitution can increase cation sums (towards
biotite, filling the M1 site) or decrease cation sums (via
M2 vacancies). The pyrophyllitic substitution can decrease
cation sums via the exchange KT +TAPY < A04-Si*T, leav-
ing interlayer vacancies. In the database, analyses appear
equally influenced by substitutions lowering and increasing
cation sum, explaining the median value being around seven
cations.
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4 Tetrahedral ordering in phyllosilicates

Cation ordering is an additional difficulty when deriving a
general algorithm for cation site distribution and associated
end-members. The tetrahedral sheets of chlorite, phengite,
and biotite are very similar and generally described by two
sites, each with a multiplicity of 2. Provided that tetrahedral
Fe3* appears to be rare in metamorphic chlorite (e.g. Masci
et al., 2019, and references therein) and as it is often assumed
to be secondary to octahedral Fe’* in biotite, filling one of
the T sites with Al after Si distribution seems consensual for
all three phyllosilicates (e.g. Holland et al., 1998; Vidal et al.,
2001; Holland and Powell, 2006; Taj¢émanova et al., 2009;
White et al., 2014; Lanari et al., 2014). However, tetrahe-
dral Fe3* has been reported in biotite such as tetraferriphlo-
gopite (Brigatti, 1996). Guidotti and Dyar (1991) suggested
there is little site preference for Fe3* between T, M1, and M2
sites with an extensive biotite dataset, but Dyar (2002) reap-
praised this dataset to find that Fe3* is mostly octahedral in
metapelites, following criticism by Rancourt et al. (1992; see
also Dyar, 1993; Rancourt, 1993). More recently, Cuadros et
al. (2019) brought renewed evidence for significant tetrahe-
dral Fe3* in phyllosilicates, including dioctahedral and tri-
octahedral micas. Cuadros et al. (2019) link high tetrahe-
dral Fe’* contents to phyllosilicates with elevated total iron
(Feior) and Mg contents crystallized in oxidizing conditions,
with differences between di- and trioctahedral phyllosilicates
due to steric hindrance (of greater impact in dioctahedral
phyllosilicates). A weak site preference could be the conse-
quence of near-ideal Fe3T—Al substitution, as reported else-
where (e.g. Andrieux and Petit, 2010); however Al remains
the dominant trivalent tetrahedral cation. The following sec-
tion focuses on Si—Al ordering, where Al avoidance is fun-
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damental, and it might be that Si—Fe>* ordering follows the
same logic.

XRD refinements have invariably shown that tetrahe-
dral cations are equally distributed over the two T sites
in Mg-rich chlorite (e.g. Rule and Bailey, 1987; Nelson
and Guggenheim, 1993; Smyth et al., 1997; Guggenheim
and Zhan, 1999; Welch and Marshall, 2001; and Zanazzi
et al., 2006, 2009, for clinochlore, and Brown and Bailey,
1963, and Phillips et al., 1980, for kammererite). However,
Welch et al. (1995) showed that Al avoidance is respected in
clinochlore (i.e. there is minimal Al-O-Al linkage in tetra-
hedral sheets), which led Holland et al. (1998) to suggest dis-
tributing Al into the T2 site. This modelling strategy repro-
duced the experimental results of Baker and Holland (1996)
and respected Al avoidance because T2 sites are only linked
to T1 sites (Fig. 5), despite contradicting structural refine-
ments, with consequences for thermodynamic modelling of
solid solutions as described below.

There is little doubt that short-range ordering with
avoidance of Al-O-Al linkages is important along the
entire compositional range T(SizAlp) (e.g. Al-free chlo-
rite, talc, pyrophyllite)-T(Si3Al) (clinochlore, phlogopite,
muscovite)—T(SizAlz) (amesite, eastonite, margarite). Order-
ing over longer ranges, with site preferences for Al, is clear
for high Al contents but less explicit for compositions around
T(SizAl). For example, Clemens et al. (1987) documented
Si—Al ordering exclusively in low-temperature biotite. Mus-
covite typically exhibits disorder in its common 2M; poly-
type, but conflicting reports and challenges to such ordering
have surfaced in muscovite-37 (Giiven and Burnham, 1967,
Bailey, 1975; Amisano-Canesi et al., 1994). In true amesite
(the TO phyllosilicate and not the virtual Al-rich chlorite
end-member of Table 1), tetrahedral ordering is generally
high (consistent with the Al-in-T2 hypothesis) and associated
with octahedral ordering (Anderson and Bailey, 1981; Hall,
1979; Serna et al., 1977). Margarite also shows strong or-
dering with strict Al avoidance (Joswig et al., 1983; Guggen-
heim and Bailey, 1975, 1978). Eastonite and its Fe-equivalent
siderophyllite are purely virtual end-members and thus pro-
vide no insights into Si—Al ordering: Livi and Veblen (1987)
have shown that crystals of eastonite composition are, in re-
ality, mixtures of serpentine and phlogopite featuring tetra-
hedral sheets of varying composition (consequently, the en-
thalpy of formation of the eastonite end-member relies on
activity models in estimates by Holland and Powell, 1998,
and by Dachs and Benisek, 2019, 2021).

Experiments using 2°Si NMR (nuclear magnetic reso-
nance) emphasize the importance of Al avoidance and the
homogeneous dispersion of charges (HDC; see, for exam-
ple, Herrero and Sanz, 1991). HDC proposes that tetrahe-
dral rings should contain an Al atom count that is as close
as possible to the average tetrahedral Al proportion, aiming
for minimal charge imbalance. For tetrahedral sheets with
compositions around T(Si3Al), Herrero et al. (1987) deduced
from 2°Si NMR measurements that there are about twice as
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para-disposition, evenly T1-T2 distributed,

not HDC-compliant
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HDC-compliant

half meta-, half para-disposition,
6/8 Al in T1,
HDC-compliant

mostly in meta-disposition,
6/8 Alin T2,
HDC-compliant

Figure 5. Example tetrahedral sheets of a phyllosilicate in planar view, with one Al atom every four T sites, as in muscovite, phlogopite,
and clinochlore. T1 sites are in yellow, and T2 sites are in green. Al is shown as orange circles. The number of Al atoms in each ring
is indicated with the disposition when rings contain two Al atoms, with 2m denoting meta-disposition and 2p denoting para-disposition.
Al avoidance is respected in each panel. (a) All Al atoms in para-disposition, resulting in rings containing either two or no Al atoms. (b) Al
in T2, implying meta-disposition (inconsistent with XRD studies). (¢) Al in meta- and para-disposition, mostly located in T1. (d) Al mostly
in meta-disposition in T2 (six rings in meta-disposition, three in para-disposition, seven with only one Al atom). Drawn after the structure of

Nelson and Guggenheim (1993).

many rings with Al in meta-disposition (i.e. separated by one
Si tetrahedron) than in para-disposition (i.e. separated by two
Si tetrahedra; Fig. 5). Therefore, Herrero et al. (1987) dis-
missed the Al-in-T2 hypothesis because para-disposition im-
plies T1 and T2 occupancy.

Computer simulations also show that Al avoidance is
maintained without a pronounced site preference for Al, po-
tentially throughout the entire temperature range of phyllosil-
icate stability (e.g. Palin et al., 2001). However, such simu-
lations generally indicate that Al in para-disposition is the
most stable configuration at T(SizAl) (Fig. 5a; e.g. Sainz-
Diaz et al., 2001; Palin et al., 2001; Palin and Dove, 2004;
Dubacq et al., 2011; Figowy et al., 2021), which contradicts
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HDC. A possible explanation for this discrepancy is that dis-
tributing Al exclusively in para-disposition (as in Fig. 5a)
requires kinetically prohibitive equilibration for small en-
ergetic gains. In contrast, meta-disposition (Fig. 5b) and
combinations of meta- and para-dispositions (Fig. 5c—d) can
maintain Al avoidance. The formation of second-neighbour
Al pairs in meta-disposition is considerably less energeti-
cally demanding than first-neighbour Al-Al linkages (e.g.
Bosenick et al., 2001). Consequently, the disposition of Al
atoms may be as much influenced by octahedral ordering
as by second-neighbour tetrahedral Al-Al linkages. In ad-
dition, structures with Al exclusively in para-disposition re-
quire a maximum of one Al every four T sites. This re-
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striction makes adding a single Al atom impossible without
creating Al-Al linkages in structures solely featuring para-
disposition (Fig. 5a). Comparatively, several sites are avail-
able to Al in the differently distributed structures schema-
tized in Fig. S5c—d. Therefore, exact compliance with para-
disposition over large distances is impossible at Al content
above T(SizAl), and increasing Al content should decrease
the proportion of Al in para-disposition until it disappears
near T(SirAl,). For intermediate compositions, it is possible
that various ordering schemes (as illustrated in Fig. 5) are re-
spected in domains smaller than the coherent length scale of
XRD (as suggested by Welch et al., 1995).

The emerging picture is that the ordering pattern of phyl-
losilicates with one Al every four T sites (clinochlore, mus-
covite, phlogopite) is incompatible with that of phyllosili-
cates with one Al every other T site (amesite, margarite),
analogous to the arrangement found in albite (one Al ev-
ery four T sites) and anorthite (one Al every other T site)
in plagioclase feldspars (see Dubacq, 2022). This is consis-
tent with the concept of non-ideal mixing necessary to re-
spect a high degree of Si—Al short-range order. For this rea-
son, not all sites are available to Al, and configurational en-
tropy should be small until ~ 600 °C in albite and ~ 1000 °C
in anorthite (Dubacq, 2022). Extrapolation to phyllosilicates
suggests that for first-order approximation, tetrahedral Al
should be evenly distributed between T1 and T2 at low Al
content levels, but octahedral ordering will likely play a role
too in phyllosilicates. With TAI content increasing above
1/4, Al should gradually favour T2, such as T'Al1=0.5—0.5
(TA1—1) and T2A1=0.5+1.5 (TAl— 1). This scheme re-
produces the observed rapid increase in long-range order
with increasing Al content (Vinograd, 1995; for the impact
of Si/Al ratios on ordering, see also Dove et al., 1996), as
shown in Fig. 6. A drawback is that there is a discontinuity in
the Al site partitioning in the solid solution, showing that this
approximation is simplistic. The actual cation distribution is
expected to depend on temperature and octahedral ordering,
with a limited contribution of tetrahedral sheets to config-
urational entropy following crystal-chemical constraints set
by Al avoidance and HDC (making some sites unavailable
to Al and translating into non-ideal mixing entropy). Conse-
quently, there should be no configurations where T' Al con-
tents significantly exceed 0.5, which should be at a maxi-
mum around T(Si3Al) (as in clinochlore, muscovite, and phl-
ogopite). Therefore, end-members with T' Al > 0.5 are prob-
ably undesirable, and the usual end-members with T(Si3Al)
are appropriate for modelling with T' A1=T2A1=0.5. Cation
distributions may be improved by forward thermodynamic
modelling, which will set end-member proportions.
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Figure 6. Indicative site distribution of tetrahedral Al in T1 and T2
from zero (Al-free chlorite, aluminoceladonite, talc) to two (ame-
site, margarite, siderophyllite) Al atoms per four tetrahedral cations.

5 Substitutions, phase components, and
end-members for modelling

Figure 7 presents mineral compositions in the form of ele-
mental ratios, with divalent and trivalent cations summed by
charge and normalized to Si; normalization does not use an
anionic basis. This approach illustrates compositional substi-
tutions and allows assessment of the relevance of different
end-members.

5.1 Chlorite

Figure 7a presents divalent and trivalent cation proportions
normalized to Si. This figure is assumed to capture the entire
cation variability in chlorites, even though small amounts of
K, Ti, Na, and Ca are frequently reported, with large vari-
ability and skewed distribution. The median K content is
0.20£0.22 ox. wt % (i.e. ~0.013+0.0030 apfu); Ti is in the
same range, and Na and Ca are well below 0.01 apfu. Con-
tamination by mica is a possible origin for these cations; at
these levels, consequences for formula units are negligible,
as shown above (Fig. 2d).

The majority of analyses fall within the triangle formed
by clinochlore—amesite—sudoite in the MASH system or
their homologous substitution equivalents (e.g. daphnite—
ferroamesite—ferrosudoite in FASH).
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and between muscovite and aluminoceladonite.

In this triangle, end-member proportions are calculated us-
ing atomic proportions and the following formulae:

Name* = (ONR3+ + 6nR24 — 16n5i)/28,
neier = (2nsi +nrot — 2nr3y)/7,

ngugs = (6nsi +nra+ — 4nray)/14,
XAme* = NAme*/(NAme* +1cicr + Nsud*)s
Xcier = ncier/(Mame* +ncic* + Nsud*)s

Xsud* = nsud*/(MAme* + NClcr + Nsud*), 2
where n is un-normalized content; X is a fraction;
and the subscripts Ame*, Clc*, and Sud* indicate

amesite-,clinochlore-, and sudoite-type end-members (e.g.
kammererite, the Al <> Cr-homologous substituted equiva-
lent of clinochlore, is identified as being of clinochlore type,
as with daphnite, Table 1). These proportions reflect fractions
of compositional end-members and not ideal activities in the
thermodynamic sense (see Powell et al., 2014). This set of
equations may be used to estimate end-member proportions
directly from in situ chemical analysis, such as those ob-
tained by electron microprobe, assuming that all cations are
measured (including light elements such as Li) and that de-
protonation is negligible.

When compared to the mixing model in Fig. 7a (non-
linear in this graph), it is evident that the analyses are centred
around 25 % of the amesite-type end-member (Si=2 pfu)
and 15% of the sudoite-type end-member (MO = 1 pfu).
Most of the analyses lie between 10% and 30 % of the
sudoite-type end-member.

Figure 8 compares the sudoite-type fraction obtained with
Eq. (2) and the octahedral sum calculated using the 14-
(O,0H) basis (Fig. 8a) and 28-charge basis (Fig. 8b). The
correlation is weak in the first case and excellent in the sec-
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ond. Similarly, there is a strong correlation between the es-
timated amesite-type fraction and the Si content (Fig. 8c).
The weak correlation observed between octahedral sums cal-
culated using the 14-(0O,0H) basis (Fig. 8a) is due to incon-
sistencies and/or uncertainties in H O+ contents, as high-
lighted in Fig. 2b. Variations above the ideal red line for di-
trioctahedral substitution in Fig. 8b, and below in Fig. 8c, are
due to Ti and alkali content, which are not present in the end-
members but counted as octahedral cations (see discussion
of Ryan and Reynolds, 1997).

For analyses falling in the clinochlore—sudoite—Al-free
chlorite triangle, the following set of equations may be used:

NAlfree* = (—9nR3+ — 6nga+ + 16ns;)/28,
nQelex = (—12}’151 + 8nR2+ + 5nR3+)/14,
ngug* = (6ns; + ngs+ — 4I’lR2+)/14,

3)

with the same formalism as the Eq. (2) set and proportions
obtained from normalized end-member contents.

The sets of Egs. (2) and (3) can be readily modified to in-
clude specific end-member proportions (e.g. Cr to take kam-
mererite proportions into account for ultramafic rocks; see
Herviou and Bonnet, 2023).

The natural metapelite database shows that regardless of
the method of estimating end-member proportions, two sub-
stitutions are of central importance. The Tschermak substi-
tution (Si*t +M?+ <> TAI4+MAL, e.g. from clinochlore to
amesite) is as frequent as the di-trioctahedral substitution
BM*t & 2M3** +M[O, e.g. from clinochlore to sudoite),
with a sudoite-type component explaining up to 30 % of
chlorite compositions (Figs. 7a and 8a, b).

Whilst chlorite in the natural database is mostly Fe-
rich and ferrous (Fig. 7c), its Fe’™ content is greater
than 0.1 pfu for ~63 % of the analyses. Substitutions in-

https://doi.org/10.5194/ejm-36-657-2024



B. Dubacq and J. B. Forshaw: The composition of metapelitic biotite, white mica, and chlorite 669

0.60 06 05
(@) (b) (c)®
0.50] 05
0.4
H @
g 0407 g 041 2
'43 ,‘3 g 0.31
£ o030 & 03 2
Q [} “n
- o
£ 3 ° 2 02
S 0.20- S 021 <
w 7}
14
0.10- 0.1 0
0.00 ; . . rO— 00 . . T . O 0.0 : : : : .
500 520 540 560 58 600 6.20 50 52 54 56 58 60 62 24 25 26 27 28 29 30

Octahedral sum (measured anionic basis)

Octahedral sum (28 Q)

Si pfu (28 Q)

Figure 8. End-member proportions compared to formula unit features. (a, b) The sudoite fraction calculated from the Eq. (2) set is compared
to the octahedral sum estimated with the measured anionic basis (a) and with the 28-charge basis (b). The red line shows the effect of di-
trioctahedral substitution. (¢) The amesite fraction compared to Si content, estimated with the 28-charge basis.

volving Fe3* are of three major types in chlorite: (i) a
homologous substitution with trivalent cations (MAPY <
MEe3+ e.g. from clinochlore to ferriclinochlore); (ii) a
coupled substitution with divalent cations, thus creating
vacancies (3M?t < 2Fe’T +M0, e.g. from clinochlore
to ferrisudoite as proposed by Trincal and Lanari,
2016); and (iii) a deprotonation substitution in the form
Fe?t + OH™ <> Fe’* + 0%~ +1/2H, ¢ (where H» leaves
the structure — see Lempart et al., 2018, 2020 — e.g. from
daphnite to tri-oxydaphnite in Fig. 7a). Unfortunately, as-
sessing the individual extent of these substitutions from
the database is difficult because this requires more pre-
cise measurement of anionic bases than reported here. Fig-
ure 9a—b compare the dependency of Fe3T content to the
di-trioctahedral substitution, using the measured 18-(O, OH,
Cl) anionic basis and the sudoite fraction calculated with the
Eq. (2) set. In both cases, analyses with high Fe3* content
show a large extent of di-trioctahedral substitution, which
could be interpreted as being in favour of a ferrisudoite end-
member. However, without a proper definition of the anionic
basis, the di-trioctahedral substitution cannot be separated
from the effect of deprotonation during Fe oxidation, for rea-
sons detailed by Masci et al. (2019). Figure 9c shows that
Fe is mostly in a divalent state (Fe3Jr /Feior <30 %) in the
natural pelitic chlorite database, in contrast with the possi-
ble variability in chlorite illustrated by the data from Masci
et al. (2019) being biased towards Fe3*-rich chlorite. Yet the
dependency of formula unit estimation on iron speciation is
high, especially when using a fixed-charge basis, because Fe
is generally abundant and Fe3* is among the highly charged
cations (impacting normalization constants more than low-
charge cations would). A £10 % variation in iron speciation
(Fe3+ /Feot) leads to ~ 0.1 pfu uncertainty in cation sums
for a chlorite with 25 wt % FeOyy (i.e. close to the median
value of the database). Figure 9d illustrates chemical trends
with varying Fe** content using elemental ratios, without
the anionic basis. Most Fe3*-rich analyses show an R?>*/Si
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ratio below that of clinochlore, with the consequence that
most plot out of the area defined by clinochlore—amesite—
ferriclinochlore. The apparent increase in sudoite-type end-
member content for Fe3t-rich chlorite persists, but whether
ferriclinochlore or ferrisudoite is best-suited for modelling
remains unclear. Ferriclinochlore appears suitable as a com-
positional end-member for chlorite in the domain sudoite—
amesite—ferriclinochlore (Fig. 9d), yet it is possible that sub-
stitutions take place towards both end-members.

Octahedral vacancies may be assumed to be limited to
the octahedral sheet of the TOT layer and to the M1 site
for symmetry reasons, consistent with the models of Vidal
et al. (2001) and Lanari et al. (2014). However, cation dis-
tribution into the M2 and M3 sites must be differentiated
for the correct charge distribution around octahedral vacan-
cies because the di-trioctahedral substitution mostly occurs
in the TOT sheet (including M2) and not in the brucitic sheet
(including M3) — consequently, there are no di-trioctahedral
chlorites with a dioctahedral brucitic sheet (e.g. Bailey and
Lister, 1989). Therefore, assuming that trivalent cations oc-
cupy M2 at least up to twice the number of vacancies en-
sures correct Mg—Al distribution of sudoite (e.g. Eggleton
and Bailey, 1967) and minimal trivalent cation content in
M3, an otherwise destabilizing feature (Nelson and Guggen-
heim, 1993). Welch et al. (1995) have shown that octahedral
Al is surrounded by six Mg cations in clinochlore, a con-
sequence of short-range ordering, either in M1 or in M4, the
latter being preferred for Al incorporation by Welch and Mar-
shall (2001), in line with previous studies (e.g. Bailey, 1986;
Smyth et al., 1997). The M4 site is therefore recognized as
the preferred site for Fe>* incorporation (Vidal et al., 2006;
White et al., 2014). In turn, the M2 site is filled with divalent
cations.

The distribution of Mg and Fe>* relative to one another
has been suggested as random (i.e. equipartitioned) between
the divalent sites in many thermodynamic models (e.g.
Vidal et al., 2001, 2016; Lanari et al., 2014; Holland et

Eur. J. Mineral., 36, 657-685, 2024
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al., 1998). Measurements of the Fe’*—Mg distribution are
scarce and conflicting. Zanazzi et al. (2006, 2007, 2009)
suggest equipartition between M1 and M2 in Mg-rich
chlorite (Mg ~4.5, Fe2t ~0.5 pfu), as well as between
M3 and M4. They also propose a preference of Fe’t for
the TOT octahedra rather than for the interlayer octahedra
(KNP MI/M2)~1 and KNE"(M2/M3)~0.65, with
Kp being an exchange coefficient as in Morse, 2015).
Smyth et al. (1997) obtained K& *(M1/M2)=1.1 and

Mg/ Fe(M2/M3)—01 without assigning Fe’™ to M4,
from a triclinic clinochlore with Mg=4.88 and very
little Fe>* at 0.12pfu. In more Fe-rich chlorite crys-

tals, Rule and Bailey (1987) obtained contrasting results
Mg/Fe

(Mg=155, Fe?™=296pfu): K" (M1/M2)=0.56
and Kye™(M2/M3)=1.1. Additionally, Walker and
Bish (1992) obtained KN (MI1/M2)=1.18 and
Mg/Fe

M2/M3)=1 for a chlorite at Mg=1.77 and
Fe*t =2.72 pfu. The limited number of studies on Fe-rich
chamosite, generally affected by Tschermak substitution (in-
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volving an amesite-type component), alongside polytypism
and the absence of systematics, makes generalizations diffi-
cult. Equipartition is attractive for its simplicity, but Holland
and Powell (2006) showed that Fe>t—Mg equipartition intro-
duces inconsistencies into thermodynamic models in terms
of derivation of end-members and mixing properties, as well
as activity calculations. More precisely, Holland and Pow-
ell (2006) demonstrated that Fe>t—Mg equipartition does not
imply that ordered end-members should not be used in mod-
elling solid solutions such as those of chlorite. They suggest
using energy minimization to distribute Fe’t and Mg with
ordered end-members, an approach followed by Powell et
al. (2014) and White et al. (2014). This approach facilitates
the establishment of a consistent and comprehensive set of
end-members suitable for energy minimization. In contrast,
the set proposed by Vidal et al. (2006) does not allow this,
in part because it lacks a ferric end-member. An inevitable
drawback of this approach is the necessity for substantial
“regularization”, i.e. estimating thermodynamic properties
and mixing models for many virtual end-members. The set
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of six end-members shown by Powell et al. (2014) includes
clinochlore and five fictive end-members (Al-free chlorite,
amesite, daphnite, and two ordered chamosite end-members)
for which crystal-chemical constraints are lacking. A
pragmatic approach is to apply Fe?T™—Mg equipartition as
a first-order approximation for describing chlorite formula
units, as there is no evidence that equipartition is generally
wrong in chlorite, but following the rules described by
Holland and Powell (2006) and Powell et al. (2014) for
thermodynamic modelling. A total of 11 independent
end-members (calculated with the method described by
Myhill and Connolly, 2021) are theoretically necessary to
account for Mg—Fe?t, M4Fe3T_MAAP+  di-trioctahedral,
and Tschermak substitutions within a six-site model (T1, T2,
M1, M2, M3, M4) where M3 never contains trivalent cations
(as in the database). This set of end-members includes
Al-free chlorite, which is not necessarily relevant to Al-rich
metapelites but is probably important in relatively Al-poor
mafic rocks. A total of 256 dependent end-members arise, of
which 228 violate the crystal-chemical rules set above (such
as T'Al < 0.5 or M2Al =2 M) or exceed 2 TAl apfu. These
end-members can be discarded because, otherwise, they
would allow substitutions towards unreasonable domains.
Nine independent end-members consistent with these rules
remain; they may include clinochlore, sudoite, amesite,
Fe-amesite, daphnite, ferriclinochlore, Fe-sudoite, Al-free
chlorite (Mg), and Al-free chlorite (Fe). This set is proposed
because it includes compositional end-members and virtual
end-members close to existing compositions, yet there are
many other possibilities, and in this set only clinochlore
and sudoite are true minerals for which phase equilibria and
calorimetry experiments are possible.

To summarize, typical metapelitic chlorite analyses fall in
the clinochlore—amesite—sudoite triangle (Fig. 7a). For these,
a first conclusion is that compositional end-member propor-
tions are best estimated from cation ratios rather than from
formula units, especially if using the 18-(O, OH, F, Cl) basis
when H,O+ content cannot be precisely measured (at least
below 0.3 wt % uncertainty for cation sum precision below
0.05 cations pfu).

Second, the di-trioctahedral substitution is important, and
models omitting a sudoite-type component cannot reproduce
typical chlorite compositions successfully. However, chlo-
rite analyses from the natural pelite database show a lim-
ited range in composition, having amesite and sudoite com-
ponents subordinate to clinochlore. This suggests non-ideal
mixing, consistent with the presence of a solvus between di-
trioctahedral and tri-trioctahedral chlorites (as in the model
of Lanari et al., 2014, and the analysis of Bourdelle and
Cathelineau, 2015, although these models predict the oppo-
site temperature dependency).

Third, how Fe** should be incorporated into formula units
remains unclear. The amount of Fe3* in pelitic chlorite ap-
pears systematically low, yet neglecting iron speciation is not
recommended because pelitic chlorite is generally iron-rich,
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meaning small amounts of Fe>* can impact estimated cation
sums. For chlorite, where deprotonation can be ruled out,
compositional end-member proportions may be estimated
from the sets of Egs. (2) and (3). However, stating whether
deprotonation is a general feature or limited to specific cases
and acquired during crystallization, surficial alteration, or
both needs further research.

Fourth, ordering problems are difficult to “regularize” be-
cause structural refinements are scarce, especially for usual
iron-rich metamorphic chlorite due to random stacking (mak-
ing Rietveld analysis difficult or impossible; see Walker and
Bish, 1992). In the absence of additional structural refine-
ments, following the approach of Powell et al. (2014) appears
safest for modelling, with an enlarged set of end-members to
reproduce compositional variations in usual chlorite.

5.2 Micas

Figure 7b presents divalent and trivalent cation proportions
normalized to Si for phengite and biotite. Univalent cations
and Ti are not accounted for in this figure but make up sig-
nificant proportions of the mica analyses in the database.
Therefore, this figure alone is insufficient for estimating the
proportions of a complete set of independent compositional
end-members. A striking feature of Fig. 7b is that mica anal-
yses deviate from mixing between ideal trioctahedral mica
end-members for biotite and identically between ideal dioc-
tahedral mica end-members for white mica. Octahedral and
interlayer vacancies may be hard to estimate, even with mea-
sured anionic bases, but they cannot be ignored. Figure 10
compares the octahedral sum obtained from fixed-charge an-
ionic bases to the R2+ /Si ratio, which should be sensitive to
the di-trioctahedral substitution (Fig. 7b). A positive correla-
tion between the two supports the idea of limited solid solu-
tion between white and dark micas through di-trioctahedral
substitution. This correlation also suggests that using fixed-
charge anionic bases is not without merit. It is worth noting
that substitutions limited to the interlayer site do not signifi-
cantly impact the ratios in Fig. 7b. The potential leaching of
interlayer cations and their replacement by NHI or H;0™
have been shown to be limited (Hewitt and Wones, 1984;
Guidotti, 1984). Further, the presence of tobelite or of a to-
belite component (such as NH4Al>(Si3 Al)O19(OH); in end-
member form) appears generally restricted to very-low-grade
dioctahedral micas because of a compositional gap with to-
belite and because of the instability of NHZ{ micas at high
temperature (see Bauluz and Nieto, 2018, and Nieto, 2002,
and references therein). The sections below examine mica
chemistry, substitutions, and potential end-members.

5.2.1 Biotite

The biotite analyses from the metapelite database show
lower divalent cation contents than those estimated from
mixing between phlogopite-like and eastonite-like compo-
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sitional end-members (both at R>*/Si= 1) and none above
R%*/Si= 1. They are spread between 0.6 < R**/Si < I and
0.5 <R3t /Si < 1, without correlation between the two pa-
rameters (Fig. 7b). Biotite crystals for which structural re-
finements are available show similar variability, with 0.7 <
R>*/Si <1 and 0.3 <R**/Si < 1, and no correlation be-
tween the two ratios. This indicates that additional sub-
stitutions beyond Tschermak exchange take place. Conse-
quently, compositional end-members are required in addition
to phlogopite-like and eastonite-like end-members. Potential
trioctahedral end-members include talc, the Ti-rich deproto-
nated end-member of Waters and Charnley (2002), and oxo-
Al-biotite, such as those presented in Table 1. Other deproto-
nated end-members are possible, such as KMg3Si4O11(OH)
synthesized by Forbes (1972; see references therein), but do
not necessarily have petrologic relevance (Waters and Charn-
ley, 2002). Usual dioctahedral mica end-members show
lower R%*/Si ratios than phlogopite and eastonite (from the
brittle mica margarite at R>*/Si=0.5 to muscovite and py-
rophyllite at zero).

A Ti-rich compositional end-member is necessary. Ti is
octahedral in biotite and occupies M2 preferentially (linked
to deprotonation of the adjacent hydroxyl group; Cesare et
al., 2003, and Scordari et al., 2006, among others) but is as-
signed to M1 in the models of White et al. (2007, 2014).
Abrecht and Hewitt (1988) presented experimental evidence
for Tschermak-like coupled substitution (Ti + 2 TAl < (Mg,
Fe?t) 42 Si) being possible, leading to an end-member in
the form of KTiMg,(Al3Si)O19(OH),. Ti deprotonation (as
presented in Eq. 1) is another possible substitution, backed
by analysis of metapelitic biotite (e.g. Waters and Charnley,
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2002) and XRD structural refinements (e.g. Scordari et al.,
2006) and already accounted for in some models (e.g. Tajc-
manova et al., 2009; White et al., 2014). Figure 12 compares
the effect of these two substitutions. Ti—-Tschermak should
increase the R**/Si and R3*/Si ratios, particularly for the
latter. Instead, the natural pelitic biotite analyses show no
correlation with either ratio. On the contrary, analyses with
elevated Ti/Si ratios show the lowest R3*/Si ratios, consis-
tent with Ti deprotonation (Fig. 12). This analysis does not
rule out Ti—Tschermak entirely, but the Ti-O end-member ap-
pears relevant and sufficient for encompassing the variability
in the database. Assuming that the Ti content reflects solely
the Ti-O end-member, Fig. 12c and d show the evolution of
cation ratios for metapelitic biotite after removal of the con-
tribution of Ti-O: the need for additional end-members to
phlogopite and eastonite remains, with R!*/Si and R?*/Si
below those ratios of phlogopite and eastonite.

For modelling the di-trioctahedral substitution in biotite,
muscovite is a natural choice as an end-member, as observed
by Patino Douce et al. (1993); this choice effectively ex-
plains the low octahedral sums in biotite (Figs. 9 and 10a).
To account for low interlayer charges, talc appears better
suited than pyrophyllite because it is closer to biotite in terms
of structure, and some analyses, including structural refine-
ments, show low interlayer charge without a dioctahedral
component (Fig. 11a). From phlogopite, the exchange vec-
tor towards talc is akin to the pyrophyllitic substitution in
white mica. In the KMASHTO system, this results in seven
independent end-members, which may include Ti-O, phlo-
gopite, muscovite, eastonite, talc, and two end-members or-
dered for Al-Mg and Si—Al. A total of 52 dependent end-
members arise, of which 39 can be discarded because they
do not follow the crystal-chemical rules outlined above or
because they show Ti contents above 1 apfu. As recalled by
Dachs and Benisek (2019, 2021), structural refinements are
controversial, but Mg—Al ordering is considered significant
up to at least 1000 °C, with Al preferentially occupying M1
and Mg preferentially occupying M2. In line with this, Al oc-
cupies only the M1 site in many models (e.g. Taj¢manova et
al., 2009; White et al., 2014); however, the inclusion of dioc-
tahedral end-members such as muscovite in the end-member
set requires admission of Al in M2 (because M1 is vacant
there). In models, omitting either the di-trioctahedral substi-
tution or low interlayer sums in biotite results in unrealistic
Al/Si ratios, with consequences for the whole assemblage
(see Waters, 2019).

The addition of iron to the system is important as most
analyses in the database contain more Fe than Mg (Fig. 7c).
A graphical representation has been derived by Tischendorf
et al. (2004, 2007; Fig. 11d) for micas in the KFMASHTO
system. It uses the components mgli (i.e. Mg — Li apfu) and
feal (i.e. Few+ Ti+Mn— YAlapfu) to differentiate be-
tween mica types. Unfortunately, this representation alone
remains equivocal because it is impossible to decipher the in-
dividual extent of possible substitutions in the database, start-
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the Tschermak exchange in biotite from phlogopite and annite.

ing with separating di-trioctahedral substitution from Tscher-
mak exchange.

Instead, iron speciation is to be considered: incorporation
of Fe3* appears limited but systematic in the database, where
all biotite analyses are in the ferrous range (Fig. 7c; the me-
dian value is 8.7+ 0.07 % of Fe in trivalent form). Neglect-
ing the median Fe3* amount of the database (Fe3t =0.11 +
0.095 apfu using the anionic basis of Waters and Charnley,
2002) results in a systematic increase of 0.04 apfu in the
octahedral sum and a decrease in the median Xu value
of 0.025 (from Xngg =0.4640.10). These changes may be
much larger; e.g. a biotite analysis with Fe>* /Feo ~ 0.4 and
Xmg ~0.73 will vary to Xy ~0.62 with a 0.11 octahedral
sum increase if Fe3* is neglected.

Mechanisms of Fe* incorporation in biotite have been
well studied and are represented by five main possible sub-
stitutions (S1-S5):

Al < Fe3 T,

3R2t & 2FS3T MO,

ShH
(52)
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R> + (OH)™ < Fe** + 0>~ +1/2H, 1, (S3)
R*t +Si < Fe’t + Al (S4)
Rl+ +R2+ < XIID+FC3+. (SS)

Substitutions (S1) and (S4) may lead to the incorporation of
tetrahedral Fe3T. Substitutions (S2) to (S5) may be linked to
oxidation of Fe2t (see Rebbert et al., 1995, and references
therein). The results of Rebbert et al. (1995) are in favour of
S2 as a dominant mechanism during iron oxidation, exclud-
ing S3 due to the absence of proton loss, and Foster (1964)
found a low degree of correlation between Fe’ and ex-
cess O in micas and chlorite. However, Lempart et al. (2018,
2020) and Lempart-Drozd et al. (2022) provide compelling
evidence for substitution (S3) in phyllosilicates, in line with
Rancourt et al. (2001), who suggest that substitution (S3) is
dominant in annite when in its single-phase stability field at
high hydrogen fugacity, with substitution (S2) being relevant
at lower hydrogen fugacity.

Figure 13 uses cation ratios to test these substitutions on
the metapelite database without a hypothesis over the anionic
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basis. The data are generally scattered in Fig. 13a—c, with-
out correlation arising (> close to zero). The top 10 % of
analyses with the highest Fe**/Si ratio show lower R?>*/Si
(0.76 on average; Fig. 12a) and higher R3*/Si (0.71 on aver-
age; Fig. 13b) than the overall database. These variations are
not linked to substitutions S1 to S5, as shown in Fig. 13. A
petrologically meaningful correlation would be expected be-
tween Fe3t /Fewt and Xyg (based on whole-rock variations
in metapelites; Forshaw and Pattison, 2023b, their Fig. 2b)
due to a decreasing proportion of Fe>*, but the two variables
are only weakly correlated (Fig. 13d; r> =0.2). In conclu-
sion, echoing Guidotti and Dyar (1991), several mechanisms
for Fe*T incorporation may be simultaneously in operation,
with crystal-chemical constraints and oxygen fugacity prob-
ably exerting greater influence than pressure—temperature
conditions. In turn, interpreting Fe3* variations in natural bi-
otite is hindered by its variability in other components (as
argued by Hewitt and Abrecht, 1986), especially if substitu-
tion S1 is preponderant and near-ideal.

In terms of compositional end-members, Fe3-eastonite
and deprotonated “oxy-ferribiotite” of Table 1 appear suit-
able because each captures the majority of the composi-
tional variability in the database (together with Tc, Ms, and
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other KMASHTO end-members; Fig. 13). However, tetrahe-
dral iron remains neglected in this analysis. As stated ear-
lier, tetrahedral Fe’* is probably underestimated, at least
according to Guidotti and Dyar (1991) and Cuadros et
al. (2019), who report biotite analyses with TFe3* > 0.8 apfu.
These authors suggest that “the only control on tetrahe-
dral Fe3* in trioctahedral 2: 1 phyllosilicates is Fe3* avail-
ability”, with a roughly linear relationship between TFe’"
and Fe3t resulting in much more tetrahedral than octahe-
dral Fe3t (TFe3t /MFe3t ~ 2.8 on average). Therefore, an
end-member such as tetraferriannite or Fe3T-rich phlogo-
pite where TAl is substituted with TFe3* may be as relevant
to petrological modelling as end-members with octahedral
Fe’ ™.

For Fe2*-rich end-members, uncertainties are concen-
trated on the site distribution of Fe>* and its ordering with
Mg. Guidotti and Dyar (1991) have shown that M2 con-
tains, on average, almost 3 times more Fe2t than the Al-
rich M1, consistent with weak Fe-Mg ordering as discussed
by Dachs and Benisek (2021). The current thermodynamic
models cited above can reproduce this with Fe-Mg-ordered
end-members.
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In the database, the interlayer site of biotite contains 94 +
5%K,4+4 % Na, and 1 +2 % Ca (median values of skewed
distributions). The ratio Na/(Na+ K+ Ca) is uncorrelated to
R?*/Si or R3*/Si. The Na content shows a weak inverse cor-
relation to the K content (r2 = 0.16) and not to other chem-
ical variables accessible here. Therefore, the easiest option
for inverse modelling is using a typical end-member such
as aspidolite, largely covering the observed compositional
variability. For phase diagram calculations, assuming that the
variability in biotite is explained in the KFMASHTO system
(as in the models of Tajémanova et al., 2009, and White et
al., 2014) appears to be a logical simplification.

Consequently, a consistent set of end-members in the KF-
MASHTO system includes the KMASHTO end-members
and their Fe?>* equivalents, plus tetraferriannite and ferrieas-
tonite or “oxy-ferribiotite” for Fe3* incorporation. Tetra-
hedral distribution is assumed to follow the same mecha-
nisms as described above, with an additional assumption
that Fe’T behaves similarly to Al (i.e. with Si/Fe’* or-
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dering). This results in 12 independent end-members (for
example the 9 end-members cited above: phlogopite; east-
onite; annite; siderophyllite; Ti-rich, OH-free biotite; mus-
covite; talc; tetraferriannite; and ferrieastonite, plus Fe-
talc and ordered end-members such as “tetraferrieastonite”
K(Mgg,Fe3+)(Feg+,Si2)O 10(OH); and the scary partially de-
hydroxylated O(TiFe?* Fe3*)(Fe3™,Si2)011(OH)), for a to-
tal of 33 valid dependent end-members. Without more pre-
cise knowledge of tetrahedral Fe>T content, the proportion of
compositional end-members cannot be estimated, but follow-
ing the analysis of Cuadros et al. (2019), about three-quarters
of trivalent iron should be expected in the tetrahedral position
(TFe3t =0.74 Fe3t — 0.08). More data are required before
broad application to metapelites.

5.2.2 White mica (exclusive of paragonite)

Guidotti and Sassi (1998) provide an extensive review of
compositional variations in white mica, and the white mica
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analyses in the database generally align with these authors’
conclusions. White mica analyses are spread around the
Tschermak exchange vector between muscovite and alu-
minoceladonite (Fig. 7b), with most analyses falling be-
low the 40 % aluminoceladonite-type end-member. K-Na ex-
change is also prevalent (Fig. 14a), with Na making up to
30 % of interlayer cations. However, deviations from these
two exchange vectors are sufficiently important to justify us-
ing additional compositional end-members.

Calcium content is generally low (median 0.002 pfu), but
16 % of the analyses show Ca content above 0.02 pfu. Among
the high-Ca analyses, those above 0.04 Caapfu show oc-
tahedral sums below 2.0, and all analyses with octahedral
sums below 1.92 have Ca content above 0.05pfu and in-
terlayer sums above 1.05. This is inconsistent with substi-
tution towards (dioctahedral) margarite or a Ca-rich trioc-
tahedral end-member such as clintonite or stevensite. Be-
cause interlayer occupancy cannot exceed the unit value,
it is possible that such analyses are contaminated (e.g. by
calcite, apatite, or plagioclase) or that Ca is in the oc-
tahedral position (not observed in dioctahedral mica to
the authors’ knowledge). Either way, explaining joined Ca
and MO increase is not possible from muscovite or alu-
minoceladonite due to charge imbalance. A possible substi-
tution scheme is AK+ +MMg?*+ + TAP}+ « ACa?t + MO+
Si**, which cannot be completed from muscovite or alu-
minoceladonite but may be followed from their mixture,
for example from K(Alj;5Mgo5)(Si35Alp5)010(OH), to
(Ko.5Cag.5)(0; 5Al15)SisO19(OH);. It is also possible that
white micas with high Ca content contain Li and/or Be,
which are known to play a role during K—Ca substitution (e.g.
Tischendorf et al., 2007) and may have been ignored during
analysis.

Titanium is ubiquitous as a minor component in the natu-
ral pelitic database (< 2.5 ox. wt %, i.e. ~ 0.06 apfu; see also
Guidotti and Sassi, 1998). In white mica, Ti is octahedral and
exchanged via the coupled substitution Ti + TAl <> Al + Si.
Auzanneau et al. (2010) proposed that this substitution may
be pressure-sensitive, but Chambers and Kohn (2012) sug-
gest that TAl content via Tschermak exchange exerts a
greater control over Ti incorporation than pressure.

In the natural pelitic database, interlayer occupancies are
frequently below 1 and octahedral occupancies above 2
(Fig. 11a), with most analyses showing a small (~ 0.1 pfu)
component of interlayer vacancy or a trioctahedral end-
member or both. This may not necessarily be talc but in-
stead a combination of pyrophyllite and biotite (see Fig. 10).
The pyrophyllitic substitution decreases interlayer sums,
and it is frequently observed in low-grade dioctahedral mi-
cas (e.g. Abad et al.,, 2003, 2006; Dubacq et al., 2010).
Battaglia (2004) proposed an empirical thermometer prin-
cipally based on the decrease in the pyrophyllite compo-
nent with increasing temperature in the range 180-340°C.
The “trans-muscovite” component defined by Tischendorf
et al. (2004) is not seen (K(Oy g3Al>.17)(Si3A1)O19(OH),,
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which would plot below muscovite in Fig. 11d). Rather,
the interlayer-deficient analyses are in the line of the
end-members derived for illite by Ransom and Helge-
son (1993) and by Bailey (1984). A combination of end-
members of the types of muscovite, aluminoceladonite, an
interlayer-deficient dioctahedral end-member (pyrophyllite
or the aforementioned illite end-members), and a trioctahe-
dral end-member such as phlogopite captures almost the en-
tire compositional variability in the database in Figs. 7, 10,
and 11. In the compositional space set by the ratios R1*/Si,
R?*/Si, and R3*/Si, these end-members define a pyramid.
A simpler representation is shown in Fig. 14b with the
proportion of dioctahedral end-member types derived from
these ratios, using muscovite, aluminoceladonite, and pyro-
phyllite after projection from phlogopite-type end-members,
whose proportion is always small (Fig. 10). Analyses plotting
at negative aluminoceladonite content require end-members
with greater TAl content than muscovite and phlogopite (i.e.
Si < 3 pfu; Fig. 11b), such as margarite or eastonite. Negative
pyrophyllite contents mostly reflect very high alkali contents
(interlayer sums above 1 when normalized to 22 Q) and may
therefore be of poor quality. The main remaining questions
involve octahedral occupancies below 2.0 and iron specia-
tion. Ransom and Helgeson (1993) argue for the relevance of
end-members with octahedral occupancy of 1.9 for illites on
the basis of a compilation of analyses with stringent quality
criteria, in contrast to Kelley (1945), who argues for octahe-
dral sums below 2 due to SiO; contamination. Settling this
debate remains complicated because of the scarcity of new
data.

Figure 15 shows a compilation of analyses from the
Schistes Lustrés of the Western Alps, from a series of
units showing Franciscan metamorphism from low-grade
blueschist facies up to eclogite facies, after Plunder et
al. (2012), Lefeuvre (2020, PhD thesis), Lefeuvre et
al. (2020, 2024), and Herviou et al. (2022) over 43 sam-
ples. This series is relevant here because it shows interlayer-
depleted white mica in apparent continuity with clay min-
erals and particularly illitic compositions (see Agard et al.,
2001). All analyses were acquired on CAMECA SX100 and
SXFive electron microprobes at CAMPARIS (Sorbonne Uni-
versité, Paris). Figure 15 presents elemental ratios (as in
Fig. 7) and interlayer and octahedral sums, together with
dioctahedral end-member proportions after projection from
phlogopite-type end-members, calculated for Fe3* /Fey ra-
tios of 0, 0.5, and 0.75. Masci et al. (2019) analysed five
of the micas of Plunder et al. (2012) and reported high
Fe3t /Fe (in the range 0.62-0.74), resulting in octahedral
sums between 1.99 and 2.00. Figure 15 shows that Tscher-
mak exchange is preponderant. Octahedral sums above 2.0
are obtained for all Fe3t /Fewo ratios, showing the effect
of the di-trioctahedral substitution. Octahedral sums below
2.0 are only significant for analyses with the highest alu-
minoceladonite proportion and high elevated Fe3* /Fe ra-
tios, and the spread towards high octahedral sums remains
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generally larger than towards low octahedral sums. If white
mica analyses were all in the range of the measurements of
Masci et al. (2019), then an end-member with an octahedral
sum below 2.0 would be necessary, but presently the data
are inconclusive about such necessity. In contrast, small pro-
portions of trioctahedral end-members are well established.
In the triangle representation of Fig. 15, the proportion of
aluminoceladonite-type end-member increases with increas-
ing Fet /Fe(o. Yet the changes are modest for most analyses
because the projection from phlogopite-type end-members
is roughly aligned with the apparent increase in octahedral
vacancies with increasing Fe** /Fey, making this represen-
tation useful. As in Fig. 14b, analyses plotting at negative
aluminoceladonite-type content show the lowest Si but high-
est Na contents, hinting again at additional end-members.
Iron speciation varies from entirely divalent to entirely
trivalent in the metapelite database (Fig. 7c), with a me-
dian value at Fe3*t /Feiwr =0.55 £ 0.20, without correlation
to total Fe content or to elemental ratios, implying that
Fe3* is generally as prevalent as Fe>* in metapelitic white
mica (see also Forshaw and Pattison, 2021). Mechanisms of
Fe3* incorporation are relatively well understood in white
mica, and Fe3t is considered mostly octahedral (Guidotti
and Sassi, 1998; Masci et al., 2019), although the pos-
sibility of tetrahedral Fe3* raised for biotite and chlorite
also applies. The MFe3t <> MAI3* substitution is considered
dominant, leading to end-members such as ferrimuscovite
(e.g. K(Fe3t Al)(SizAl)O;9(OH); as defined by White et al.,
2014, Table 1, or K(F€3+)(Si3Al)010(OH)2 by Guidotti and
Sassi, 1998) and ferriceladonite (K(MgFe3+)Si4Olo(OH)2,
e.g. Li et al., 1997). Figure 16 presents these end-members
as with biotite (Fig. 13). There is weak correlation between
R?*/Si and Fe3t/Si (Fig. 16a), as with Fet3 and Si con-
tents when normalized to 22 charges. This hints at substitu-
tion towards ferriceladonite with increasing pressure; how-
ever ferrimuscovite with 1 Fe3* cation pfu appears sufficient
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as an independent compositional end-member to express the
entire variability in white mica compositions in the database
(Fig. 16).

A minimal set of compositional end-members includes
muscovite, paragonite, pyrophyllite, aluminoceladonite and
ferroaluminoceladonite, phlogopite, and ferrimuscovite.
Cation distribution into sites follows the same basic rules as
for biotite, with simplifications for negligible Ca and possi-
bly Ti contents, octahedral sums close to 2, and the M1 site
being almost entirely vacant (and otherwise hosting divalent
cations as in Vidal and Parra, 2000).

6 Summary and concluding remarks

Despite advances in analytical techniques, phyllosilicate
compositions are difficult to analyse integrally and accurately
in metapelites. Consequently, uncertainties remain when es-
timating formula units and distributing cations into crystal
sites. In particular, their measured structural water content
varies significantly from ideal end-member values, which
has considerable effects on estimated octahedral contents.
Iron speciation is also a persistent difficulty, as measurement
means are much less accessible than electron microprobes,
which remain the petrologist’s tool of choice but classically
do not allow the measurement of Fe3+t /Feo. Nevertheless, L
emission lines offer this possibility using a microprobe (see,
for example, Fialin et al., 2001, 2004, and Li et al., 2019),
and transmission microscopy over ion-beam-milled sections
is generalizing (e.g. Bourdelle et al., 2013). For electron mi-
croprobe analyses including only cations, fixed anionic bases
appear legitimate in the absence of better alternatives for
chlorite and white mica. For biotite, deprotonation due to Ti
incorporation must be accounted for via reduction in the to-
tal number of charges compensated for by cations other than
Ti. In the metapelite database, iron speciation exhibits more
variability in white mica, ranging from Fe3* /Fe,o; =0% to

Eur. J. Mineral., 36, 657-685, 2024



678 B. Dubacq and J. B. Forshaw: The composition of metapelitic biotite, white mica, and chlorite

AAA: Fe*Feror =0

Prl-type

—

Phl (etc)

Cel-type

Octahedral sum (22Q)

210 215 220 225

1054 AAA : Fe**/Feqor = 0.5

Pri-type

Cel-type

Octahedral sum

T T T
210 215 220 225

Prl-type

AAA : Fe*/Feror = 0.75

Cel-type

0.30 1.10
(a)
Cel 1.05-
0.254 & 6
& 1.00
0.20 g
_ 3 0.954
[4 3
& 015 > 0.904
2 L
[
2 085
0.104 £
0.80
0.054
0.75
0.00 — — = 0.70
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 195  2.00
(b) R*ISi
0.30 1.10
0.254
A Plunder et al. (2012)
A Masci et al. (2019) 1.004
0.204 A Lefeuvre (Phd) E
_ A Herviou et al. (2022) @ 0951
[ © endmembers 3
& 0.154 = 0.90-
& 3
S 0.85-
0.104 =
0.80
0.054
0.75-
0.00 — — % 0.70 !
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 195 2.00
3+/Qi
(C) R¥/Si
0.30 1.10
1.054
0.254
1.0
0.204 g 1
_ 7 0.95-
[ 3
& 0.15 2 090
x =
£ oss
0.10- ="
0.80
0.054
0.754
0.00 — S R BT 0.70 .
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 195 200

R*/Si

T T T
210 215 220 225

Octahedral sum

Figure 15. Compilation of white mica compositions obtained by electron microprobe from a series of studies in the Schistes Lustrés complex
of the Western Alps. Elemental ratios are shown on the left-hand side, and octahedral and interlayer sums in the middle column. The
proportions of compositional end-members of muscovite, celadonite, and pyrophyllite types, projected from phlogopite-type end-members,
are shown on the right-hand side. Compositions are provided for three possible Fe3+ /Feyot ratios: 0 (a), 0.5 (b), and 0.75 (c). Analyses by
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with other analyses.

Fe3* /Fey; = 100 %, compared to the Fe-richer biotite and
chlorite. In the latter, iron is mostly in the reduced form.
However, Fe’* content is rarely negligible and even small
variations in iron speciation have a significant impact on the
calculated formula units in biotite and chlorite.

With these uncertainties, some cation exchange vectors re-
main questionable. Others are well established, with petro-
logical significance: K-Na exchange in mica, Tschermak,
and Fe>*—Mg and Al-Fe3* exchanges in all three phyllosil-
icates, in addition to di-trioctahedral exchange, which is im-
portant (beyond uncertainties) in chlorite and biotite and to a
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lesser extent in white mica. Low interlayer contents in mica
are best modelled as limited solid solutions towards minerals
with cation-free interlayer spaces, such as pyrophyllite for
white mica and talc for biotite. Deprotonation is an estab-
lished feature of biotite (mainly through octahedral Ti incor-
poration) and chlorite (apparently mostly following iron oxi-
dation). Exchange of Fe>* with Al in the tetrahedral position
is beyond doubt but requires additional systematic studies.
Considering the ionic radius variations between Si (0.4 A),
TA1(0.53 A), and TFe3*t (0.63 A; radii after Shannon, 1976),
significant distortion of the tetrahedral network is expected
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white mica is mostly trivalent).

for TFe?*-rich minerals, with consequences for their ther-
modynamic properties.

These exchange vectors define the compositional end-
members required for thermodynamic modelling, together
with cation site distribution schemes. The latter are important
because they are the base of mixing models and their con-
figurational entropies of mixing. In tetrahedral sheets, short-
range Si—Al order is probably respected over the entire sta-
bility range of phyllosilicates, with Al avoidance. However,
XRD and NMR measurements have shown that Si and Al are
disordered over longer distances, implying that Al should not
be allocated solely to the T2 site near T(SizAl) compositions
(e.g. muscovite, phlogopite, clinochlore). Instead, homoge-
neous dispersion of charges is expected, possibly involving
mixtures of Al in para- and meta-disposition in tetrahedral
rings near these compositions. With more tetrahedral Al,
such as in the amesite and eastonite end-members, it is safe
to assume that Al occupies T2 solely, but these conditions are
not met in the metapelitic database. The local charge balance

https://doi.org/10.5194/ejm-36-657-2024

in line with exchange vectors also defines rules for cation al-
location. In octahedral sheets, these rules include favouring
the M2 site for Al to balance vacancy creation in the adjacent
M1 site and minimizing the amount of Al in the M3 site of
chlorite. Such schemes allow for a significant reduction in the
number of end-members required for modelling compared to
what could be generated without these rules.

Spreadsheets provided in the Supplement may be used as
guidelines to estimate formula units and cation site distri-
bution. It is emphasized that these are mere guidelines with
inherent simplifications: precise measurement of the volatile
content remains of primary importance for realistic formula
units. Iron speciation and distribution of Fe3* also matter,
and cation ordering depends on temperature under equilib-
rium conditions but may also be acted upon by kinetic pro-
cesses.

Data availability. The database of natural metapelitic mica and
chlorite analyses is provided in the Supplement.
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