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Abstract. The usual coexistence in nature and in synthesised samples of NH4-bearing micas with NH4-free
muscovite or illite has brought us to study their structural stability and characteristics. We used a combination
of density functional theory methods and updated absorption-corrected nanoscale analyses of previously studied
Germunde (Portugal) and Iberian Range (Spain) samples. Energy dispersive X-ray compositional maps were
acquired using high-resolution scanning transmission electron microscopy, with high-angle annular dark-field
images of ion-milled samples. The maps show the micaceous areas formed by a nano-intergrowth of major
ammonium mica and minor muscovite or illite. To avoid mutual contamination between the two types of micas,
zones were selected on homogeneous areas of the maps. The computer simulation allowed the structure of
tobelite and various NH4/K ratio compositions to be reproduced and their energetic differences to be calculated.
The overall range from pure tobelite up to 3K/1NH4 compositions is stable, but the composition 7K/1NH4 has
positive cation exchange energy, being unstable. This composition coincides with a compositional gap found
in the analysed real samples, which is responsible for the co-existence at the level of samples of NH4-free
micas with the ammonium micas. The computer calculation has confirmed the structural similarity between
the two kinds of micas, with the exception of the interlayer space, where H bonds play a significant role in
the stabilisation of the tobelite structure. As a difference compared to K micas, the NH4 micas mix a variety
of polytypes at the sample level. Ammonium micas cover a continuous solid solution from tobelite up to a
composition with major K but still some NH4; hence, they should be considered to be a series name, with minor
structural differences compared to muscovite, separated by a compositional gap.
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1 Introduction

Micas are abundant rock-forming minerals that are usu-
ally present in a variety of geological environments. Their
structure includes silicate TOT (Tetrahedral–Octahedral–
Tetrahedral) layers linked through ionic bonds by cations in
the interlayer space. They are usually big monovalent or bi-
valent cations, which are called interlayer cations. The most
frequent in nature is K, but Na and Ca are also frequent con-
stituents, either in solid solution with K or as major compo-
nents.

In sediments with high organic matter content or inter-
calation of coal beds, ammonium is also frequently an ad-
ditional cation, which is finally incorporated in the inter-
layer space of micas formed by diagenetic/metamorphic pro-
cesses. In them, may NH4 partially or totally substitute K
in the interlayer position. NH4 mica can also be formed as
a hydrothermal product (Bobos, 2012). Ammonium phyl-
losilicates have also been described in extraterrestrial en-
vironments (e.g. Ammannito et al., 2016). The NH4 mica
endmember was first described by Higashi (1982) and was
named tobelite. In most of the samples, two micas (tobelite
and muscovite) coexist at the nanometric scale (Nieto, 2002;
Bauluz and Nieto, 2018).

As the proportion of NH4 in the system can be very vari-
able, depending not only on the sample but also on the par-
ticular location in a given sample, a complete solid-solution
NH4-K has been described and usually covers a wide range
of K/NH4 ratios at the level of the sample (Nieto, 2002;
Bentabol and Ruiz Cruz, 2016b; Bauluz and Nieto, 2018;
Bobos, 2019). When NH4 micas are rock-forming minerals,
they systematically coexist with normal illite and/or mus-
covite (Fig. 1). These co-existing K micas are apparently
NH4-free or must contain NH4 in a very small proportion
as their X-ray diffraction (XRD) characteristics, particularly
the d001 spacing but also the intensity of the basal peak ra-
tios, are systematically those of illite/muscovite, lacking the
identifying characteristics of NH4-bearing micas.

Interestingly, the two coexisting micas are (1) a solid-
solution NH4-K, with highly variable proportions between
them, from nearly pure tobelite up to K as the major inter-
layer cation with minor NH4, and (2) a nearly pure K mica
(muscovite or illite endmember). This is anomalous in re-
lation to other similar compositional gaps, for example, be-
tween muscovite and the Na mica (paragonite), where the
two coexisting micas are paragonite (with some minor K)
and muscovite (with some minor Na), absent in the compo-
sitions around 50% : 50% (Guidotti et al., 1994). This is the
normal behaviour in most minerals showing solid solutions
with a compositional gap, that is, with the two endmembers
coexisting as separate minerals (see Fig. 3 in Nickel, 1992).

Based on the described X-ray diffraction (XRD) fea-
tures and chemical compositions, Juster et al. (1987), Nieto
(2002), and Bentabol and Ruiz Cruz (2016b) proposed the
existence of the aforementioned compositional gap, but, to

our knowledge, its chemical extension and structural charac-
teristics have not been previously described.

Because tobelites (and NH4-rich muscovites) have very
small grain sizes and low crystallinity, their structural deter-
mination is challenging. To our knowledge, only Rietveld re-
finements (Harlov et al., 2001; Poter et al., 2007), two single-
crystal determinations (Mesto et al., 2012), and refinement
of cell parameters (Bentabol and Ruiz Cruz, 2016a) have
been published. The configuration of the H atoms of NH4
in the interlayer space is unknown because the quality of the
structural determinations did not allow their refinement. In
general, the structural parameters determined for tobelite or
NH4-rich muscovites are very similar to those of muscovites,
with the only exception being the interlayer space, which
changes linearly as a function of the interlayer cation size.
This thickening of the interlayer space with bigger cations,
such as NH4, is clearly responsible for the increase in d00l ,
which allows the differentiation between tobelite (or NH4-
bearing micas) and muscovite by XRD (Drits et al., 1997;
Higashi, 2000). Another significant difference that helps the
distinction between the two kinds of micas by XRD is their
different intensity ratios of the (00l) peaks.

One interesting difference between the structural charac-
teristics of K micas (muscovite and illite) and the NH4-
bearing ones relates to the polytypes. As is extensively
known in the literature, mature dioctahedral micas (mus-
covite) tend to develop the most stable 2M1 polytype, which
is attained through the progressive ordering of the disordered
1Md polytype, which is usually described in illites (Chen
and Wang, 2007; Nieto et al., 2010); the 1M polytype is
restricted to particular compositions of the system (Peacor
et al., 2002). Nevertheless, all of the selected-area electron
diffractions (SAEDs) of NH4-rich micas obtained by trans-
mission electron microscopy (TEM) have found a mixture of
two-layer, one-layer, and disordered polytypes at the sample
level (Nieto, 2002; Bentabol and Ruiz Cruz, 2016b; Bauluz
and Nieto, 2018; Bobos, 2019). The two crystals structurally
determined by Mesto et al. (2012) corresponded to the 2M2
polytype, but, in a TEM study of the same sample, Capitani
et al. (2016) concluded that it contained a partial mixture
of polytypes. Rietveld analyses by Harlov et al. (2001) and
Poter et al. (2007) showed that the synthesised micas com-
prised a complex mixture of 1M, 2M1, 2M2, 3T, and 2Or
polytypes.

This study aims to explain the usual coexistence of two
different micas (one NH4-bearing and one NH4-free), to de-
termine the possible existence and location of a composi-
tional gap between them, and to find their structural rea-
sons. Natural samples were revisited, and first-principle cal-
culations were performed to analyse the stability of differ-
ent structural solutions. Several atomistic models were con-
structed by varying the interlayer cation (NH+4 and K+) and
considering their possible coexistence within the same struc-
ture. These models allow us to evaluate the influence of the
nature and distribution of interlayer cations on the relative
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Figure 1. X-ray diffraction powder (oriented aggregate) diagram of the < 2 µm fraction of sample Ge-6, representative of natural samples
containing NH4-bearing micas. The two micas are recognisable by their slightly different basal spacings (NH4-bearing mica indicated in
red and K mica indicated in blue). Red line: experimental; hatched black areas: decomposed peaks; blue line: sum diagram of decomposed
peaks.

stability, structural arrangement, and energetic favourability
of the system. Furthermore, this approach provides insight
into the likelihood of observing such mixed-cation configu-
rations in natural samples, thereby bridging the gap between
idealised models and the compositional complexity found in
real tobelite clay minerals.

2 Samples and methods

Samples from Germunde (North of Portugal, Ge-6 and Ge-
7), described by Nieto (2002), and from black shales of
the Iberian Range (ON-1), described by Bauluz and Nieto
(2018), have been re-analysed by TEM using new more ex-
act energy dispersive X-ray spectroscopy (EDX) methods
to gain a better knowledge of their chemical composition
at the nanoscale. They were prepared as ion-milled speci-
mens for TEM analysis; copper rings were attached to ar-
eas of thin sections prepared with Canada balsam, selected
in the rock matrix, apparently free of detrital grains. After
being cut and detached from the thin section through gen-
tle heating, they were ion-thinned using a Fischione-1050
ion mill and carbon-coated. Low-magnification and high-
resolution images and SAED patterns were obtained at the
Centro de Instrumentación Científica (CIC) of the Universi-
dad de Granada (Spain) using two Thermo Fisher electron
microscopes, with an XFEG emission gun, Titan, at 300 kV,
with a spherical aberration corrector and TALOS at 200 kV,
equipped with the Super-X system (four energy dispersion
X-ray EDX detectors). X-ray elemental maps were acquired
by scanning transmission electron microscopy (STEM) us-
ing a high-angle annular dark-field (HAADF) detector. The
system allows the integration of all of the individual spectra
of each map pixel to produce a spectra sum corresponding to
selected polygons of the chemical maps. In this way, homo-
geneous areas may be chosen for quantitative analysis after
the map has been registered. For quantitative micro-analyses,

the EDX data were corrected in a first calculation using the
thin-film method (Cliff and Lorimer, 1975). The anomalous
results for K so obtained (see below in the Results section)
suggested the calculation of a second set of data, corrected
by absorption.

The absorption correction method is based on the electron
neutrality criterion, which was developed by Van Cappelen
and Doukhan (1994). The X-ray microanalysis software in-
corporates a routine to calculate an absorption correction fac-
tor. Using different fictitious thicknesses to process a partic-
ular spectrum, the calculated concentrations are plotted on a
perfect parabola versus the chosen thickness. The thickness
point at which the two parabolas representing the respective
sums of positive and negative charges cross each other can be
assumed to be the actual thickness for a final calculation. The
latter implies that oxygen is analysed, and a KO/Si must also
be determined (Conconi et al., 2023, 2025). The two sets of K
factors (Cliff and Lorimer and 0-thickness) for the transfor-
mation of intensity ratios into concentration were determined
using the following as standards: muscovite, biotite, albite,
anorthite, anorthoclase, microcline, augite, olivine, scapolite,
rhodonite, osumilite, spessartine, hemimorphite, and titanite.

Homogeneous chips of the rocks were used for the XRD
analyses. The clay fraction (< 2 µm) was extracted by cen-
trifugation and extraction of supernatant liquid according
to the Stokes’s law. Oriented aggregates were prepared by
sedimentation on glass slides. They were studied using a
PANalytical X’Pert Pro diffractometer, with CuKα radiation,
45 kV and 40 mA, equipped with an X’Celerator solid-state
linear detector. We used a step increment of 0.008° 2θ and an
overall counting time of 10 s per step.

3 Computational methodology and models

The atomic coordinates of the crystal structure of tobelite
were taken from the Mesto et al. (2012) structure, and the
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2× 1× 1 supercells were modelled with 100 and 172 atoms,
respectively. The theoretical calculations are based on the
density functional theory (DFT). The optimisation process of
these models was developed using the CASTEP code (Clark
et al., 2005) included within the Materials Studio package
(Materials Studio, 2025); plane waves and periodical bound-
ary conditions were used. Electronic calculations were per-
formed using the generalised gradient approximation (GGA)
with PW91, PBE, and RPBE as exchange correlation func-
tionals (Hammer et al., 1999; Perdew et al., 1996a, b). A
mesh cut-off energy of 900 eV was used, along with on-the-
fly-generated (OTFG) normal conserving pseudopotentials
(Vanderbilt, 1990) with the relativistic treatment of Koelling–
Harmon (Koelling and Harmon, 1977).

The convergence criterion for the self-consistent field was
1× 10−6 eV per atom. On the other hand, for weak interac-
tions, we applied the semiempirical (Tkatchenko and Schef-
fler, 2009) dispersion correction method by fully optimising
with GGA/PBE/TS. This correction was applied to all crystal
structures.

Models

To study the energetic stability of NH4 micas as a function
of the proportion of K+ and NH+4 in the interlayer space, we
employed two models, one of them in a unit cell to simulate
the NH+4 proportion of the interlayer cation from 0 % (mus-
covite model), 25 %, 50 %, 75 %, and 100 % (tobelite model).
However, to simulate an intermediate proportion of 12.5 %,
we needed to increase the unit cell to 2× 1× 1.

To determine the energetic stability in the tobelite com-
position in relation to K+/NH+4 proportion, we used cation
exchange energy:

Eexchange = Sample(nNH+4 nK+)− (tobelite(4NH+4 )

− nNH+4 + nK+), (1)

where Eexchange is the cation exchange energy of the ammo-
nium cation by the K+ cation in the mineral structure, sample
refers to the composition of the mixed sample (K+/NH+4 ),
tobelite is the energy of the sample with 4NH+4 , and nK+

and nNH+4 are the number of cations exchanged in the mixed
sample.

4 Results

4.1 Texture and chemical composition of coexisting
micas

The Germunde and Iberian Range samples are formed by
an intergrowth of phyllosilicates (Fig. 2), as fully described
by TEM textural images, high-resolution TEM images, and
electron diffraction patterns by Nieto (2002) and Bauluz and
Nieto (2018). SAED patterns show examples of the 1Md
polytype (Fig. 2a – inset) and one- and two-layer polytypes

(Fig. 2b – inset); the local order corresponding to a two-
layer polytype also can be recognised in bi-dimensional high-
resolution images (upper-left zone of Fig. 2a) of the area that
globally produces a disordered polytype (Fig. 2a – inset).

The chemical maps obtained with EDX in STEM mode
over the HAADF images of the mica-rich areas of samples
Ge-6, Ge-7, and ON-1 show that they are formed by a nano-
metric intergrowth of K-rich and K-poor packets (Fig. 3),
in coherence with the usual co-existence of the two micas
in XRD diagrams (Nieto, 2002; Bauluz and Nieto, 2018;
Bobos, 2019) (Fig. 1). The K-depleted areas are predom-
inant, being in some areas the only kind of mica present.
The K-rich areas are minor intercalated subparallel packets,
with variable thickness, under the µm size. Together with the
two kinds of micas, berthierine can also be recognised in
some areas of samples Ge-6 and Ge-7 by its high Fe content
(Fig. 3b).

The areas for quantitative analyses were selected on the
previously obtained maps using ad hoc-drawn homogeneous
polygonal zones to guarantee the absence of significant mu-
tual contamination among the phases. Owing to its lower
formation temperature, sample ON-1 has smaller-sized NH4-
rich and NH4-free areas (Fig. 3; see scale); hence, the selec-
tion of adequate areas for analysis was particularly difficult,
making the attainment of a larger number of areas free of
mutual contamination challenging.

First, the analyses were processed using the thin-film ap-
proximation (Cliff and Lorimer, 1975). Formulae were ad-
justed to six tetrahedral+ octahedral cations. Nevertheless,
unrealistic K contents, significantly over the theoretical max-
imum of 1 atom per formula unit (apfu) for the interlayer po-
sition, were frequently obtained for the K-rich areas. There-
fore, all analyses were re-processed using the absorption cor-
rection method proposed by Van Cappelen and Doukhan
(1994) (see Sect. 2). Even so, some K-rich analyses (20 %
of the whole population) failed to reach a coherent result (in
these cases, the parabolas corresponding to negative and pos-
itive charges did not cross at all); those analyses were finally
rejected. Figure 3 includes some representative formulae of
the two kinds of micas for the three samples, and Table S1 in
the Supplement shows the entire processed analyses.

Due to the limitation of quantitatively analysing NH4 in
EDX, its content must be indirectly evaluated by the inter-
layer deficit in the formula of the micas. Therefore, even if
we have not attempted to quantify it by difference, due to
multiple crystal–chemical uncertainties, the K-poor areas in
Fig. 3 should represent the ammonium micas, and the overall
interlayer sum in Table S1 gives the clue regarding separat-
ing the two kinds of micas. Figure 4 shows the ratios of this
interlayer content (K+Na) in relation to the two major ele-
ments (Si and Al) in micas. Ratios between elements, better
than absolute content, have been selected to avoid possible
bias introduced by the adopted normalisation criterion.

The two types of micas recognised in the chemical maps
(Fig. 3) define separated fields in Fig. 4, with the K-rich mi-
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Figure 2. High-resolution transmission electron images and electron diffractions (insets) representative of the analysed samples. (a) NH4
mica area of sample Ge-7. (b) Nanometric intergrowth between NH4 (10.2 Å) and K (10 Å) micas of sample ON-1.

Figure 3. Chemical maps showing the nanometric intergrowth between NH4 (green) and K (pink) micas. (a) Sample Ge-6. (b) Sample Ge-7
(yellow areas are berthierine). (c) Sample ON-1.

cas covering a relatively narrow field, coherent with the the-
oretical compositions of muscovite and illite (stars in Fig. 4).
The NH4 micas, represented by the K-poor areas, extend over
a wider field, presumably indicating a wide range of NH4
contents among samples, but also at the individual sample
level.

When Mg is significantly present in the system, the corre-
sponding phengitic content of the resulting micas is prefer-
entially concentrated in the K micas over the corresponding
NH4 micas (Figs. 3 and 5).

4.2 The tobelite model – general structure

To reproduce the structure of tobelite and its energetic sta-
bility, three exchange correlation functionals, namely, PW91,
RPBE, and PBE, were probed to select that which best repro-

duced the experimentally measured crystalline parameters in
the literature. The unit cell of the monoclinic crystal of to-
belite contains 100 atoms (Fig. 6). After full optimisation
with each functional, the crystalline parameters a, b, and c
and α, β, and γ angles were determined (Table 1).

The calculated crystalline parameters are close to the ex-
perimental ones, in particular, c and csinβ/2, which are of
the most sensitive parameters in this mineral, due to its de-
pendence on the NH4 content. The energetic stability of the
tobelite unit cell model with each exchange correlation func-
tional was analysed as a function of this parameter. Figure 7
shows that the energy is similar in all functionals, but csinβ/2
calculated with the PBE functional is shorter than the rest of
the functionals and is closer to the experimental csinβ/2, de-
termined by Mesto et al. (2012) (Table 1), the described one

https://doi.org/10.5194/ejm-38-655-2026 Eur. J. Mineral., 38, 655–667, 2026
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Figure 4. Chemical compositions of areas identified in HAADF
maps as NH4 micas and muscovite/illite (see Fig. 3). Note that
both axes represent atomic ratios; hence, they are not affected by
the normalisation criterion. Stars indicate the theoretical values for
muscovite (black) and illite (white). The grey triangles represent the
data of natural hydrothermal samples from Bobos (2019). The grey
squares represent data from samples synthesised at 200 °C from
Bentabol and Ruiz Cruz (2016b).

Figure 5. Comparison of the phengitic content (AlVI vs. Mg) be-
tween ammonium (NH4) and potassium (K) micas, separated ac-
cording to their identification in Figs. 3 and 4.

by Higashi (2000) for pure tobelite (10.36 Å), and the calcu-
lated ones for the extreme-member tobelite using the equa-
tions by Drits et al. (1997) and Higashi (2000), which relate
the NH4 content with d001, that is, csinβ/2.

Figure 6. Tobelite crystal structure optimised under dry conditions.
The H, O, AlIV, and N atoms are represented by white, red, pink,
and blue balls, respectively. Tetrahedral and octahedral Al, Si, and
O atoms are represented as sticks in pink, yellow, and red colours,
respectively. View from the (100) plane. These same representation
criteria are used in the rest of the structural figures.

Table 1. Exchange correlation functional and optimised crystalline
parameters in Å and degrees.

Functional a b c α β γ

PW91 9.07 5.24 21.05 88.85 99.22 90.07
RPBE 8.79 5.08 21.29 89.39 99.49 90.12
PBE 9.07 5.24 21.02 88.79 99.29 90.08
Experimental* 9.02 5.20 20.82 99.99

* Mesto et al. (2012). 2M2 polytype. Note that the relative orientation of a and b
parameters in the 2M2 polytype is changed in relation to the well-known one of the 2M1
polytype.

4.3 Energy evolution for different NH4/K ratios

In these calculations, we simulated different NH4/K ratios in
the unit cell model: 75 % for 3NH4/K, 50 % for 2NH4/2K,
25 % for NH4/3K (Fig. 8a, b and c), and 0 % for an ideal
tobelite structure with four NH4 as interlayer cations (Fig. 6).
However, to simulate the smallest fraction of NH4, we need
to increase the unit cell size to 2× 1× 1, which would allow
12.5 % NH4 or 87.5 % K composition (NH4/7K), as shown
in Fig. 8d.

As with the aforementioned tobelite model, after full opti-
misation of all compositions, the csinβ/2 parameter was de-
termined for each composition in the unit cell and 2× 1× 1
cell models (Fig. 9a). As expected, the theoretical calculation
suggests that csinβ/2 value decreases with K/NH4 ratios,
from ideal tobelite (K 0.0 %) to muscovite (K 100 %), with
intermediate compositions of 25 %, 50 %, 75 %, and 87.5 %
K-rich. On the other hand, the energetic stability increases
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Figure 7. The energy behaviour of the tobelite crystal structure op-
timised with different exchange correlation functionals in relation
to csinβ/2 (d001).

Figure 8. Optimised crystal structures of the NH4/K tobelite com-
positions under dry conditions: (a) 75 % of NH4, (b) 50 % of
NH4, and (c) 25 % of NH4 (these are represented in unit cell) and
(d) 12.5 % of NH4, represented in 2×1×1 cells. K atoms in purple.

in the compositional series from tobelite to muscovite (25 %,
50 %, 75 %, and 87.5 % K/(NH4)), which is the opposite be-
haviour to that of the csinβ/2.

In order to understand the energetic incorporation of the
NH4 molecule into the muscovite-to-tobelite series, we cal-
culated the cation exchange energy for each composition. For
instance, at 75 % K (NH4/3K ratio), incorporating one am-
monium ion into the structure requires −6.5 eV. When all of
the K cations are removed to form the ideal tobelite mineral –
the process requiring −25.66 eV – all of these processes are
exothermic, and the resulting products are stable. However,
anomalous behaviour is observed in the 87.5 % K composi-
tion (NH4/7K): the cation exchange energy corresponds to
one NH4 group being incorporated but in the opposite sense
(i.e. the value is +6.8 eV), indicating an endothermic pro-
cess. (Fig. 9b).

4.4 Hydrogen bonds and electrostatic repulsions

The hydrogen bonds between the protons of the ammonium
ion and the tetrahedral oxygen atoms, as well as the electro-
static repulsion between the nitrogen of the ammonium group
and the tetrahedral oxygen atoms, may be important for un-
derstanding the driving forces behind the composition ratio
in this group of minerals.

The interaction distances of the hydrogen bonds (H. . . O)
and N. . . O repulsion distances were determined for each op-
timised structure of the NH4/K ratios described above, us-
ing the radial distribution function (RDF) available in Ma-
terials Studio’s analysis software. The obtained RDF plots
reveal consistent behaviour in all compositions; i.e. the hy-
drogen bond distance (H. . . O) remains close to 1.7–2.5 Å.
These values are consistent with previous theoretical calcu-
lations relating to hydrogen bonds in clay minerals, as well as
adsorption processes in olivine (Escamilla-Roa et al., 2014;
Escamilla-Roa and Sainz-Díaz, 2014). The repulsion dis-
tance between N and the tetrahedral O atoms varies from 2.8
to 3.5 Å.

The RDF graph analysis does not show a clear effect on
the geometric features of hydrogen bonds and electrostatic
repulsion in environments with different NH4/K ratios. We
used the statistical RStudio software (Posit team, 2025) to
determine the main interaction distance values from the RDF
database that correspond to the highest-frequency peaks.
These values are summarised in Table 2, which shows the
composition in each sample (NH4/K proportion), the cation
exchange energy, the RDF (H..O and N..O) major peaks, and
the csinβ/2 parameter.

The shorter hydrogen bond interaction value
(H. . . O= 1.7 Å) corresponds to the composition (NH4/7K),
which is consistent with the csinβ/2 shorter than those of
the tobelite compositions. The NH+4 cation is in a compact
environment with close oxygen atoms. Therefore, the main
peak corresponds to the strongest hydrogen bonds. However,
in samples with a high proportion of NH+4 , the value
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Figure 9. (a) Energy and csinβ/2 behaviour of the optimised tobelite/muscovite compositional series structures. Dashed horizontal red lines
indicate the experimentally measured d001 of the studied samples (data from Nieto, 2002; Bauluz and Nieto, 2018), and red numbers indicate
the range of NH4 content determined in this study (see Table S1). (b) NH4 cation exchange energy at different K cation percentages in the
tobelite compositional series, showing the change from negative to positive exchange energy for the NH4/7K composition.

oscillates between 3.33 Å for the tobelite sample and 2.8 Å
for the 1NH4/3K sample (75 % K ratio).

The analysis of the main repulsion distances between the
nitrogen atoms of NH+4 and the interlayer tetrahedral oxygen
atoms suggests that, from tobelite (4NH4) to samples with
lower NH+4 content (1NH4/3K), the distance decreases from
3.47 to 2.85 Å. Samples with a low proportion of NH+4 ex-
hibit weaker repulsive interactions. Conversely, the sample
with 87.5 % K content exhibited the main peak at 3.39 Å;
this value is similar to that of the tobelite sample, suggesting
a more repulsive environment. This composition exhibits the
opposite behaviour compared to the aforementioned series
(0 %–75 % K ratio).

5 Discussion

5.1 The structure of NH4-rich micas – new details from
the computer calculations

The calculated structure for tobelite- and NH4-bearing micas
(Figs. 6 and 8) reproduces the well-known organisation of the
TOT layer of dioctahedral micas and, in general, the diocta-
hedral phyllosilicates. This result was also obtained in previ-
ous first-principles studies of ammonium micas (Geatches et
al., 2014; Yu et al., 2016), which also emphasised the signif-
icance of the H bonds. Yu et al. (2016) also considered the
influence of the type of tetrahedral cations (Si and/or Al) sur-
rounding the NH4 cation. The obtained result also coincides
with the existing structural determinations on single-crystal
specimens of tobelite and NH4 micas by Mesto et al. (2012)
and on powder samples, using Rietveld methods, by Harlov
et al. (2001) and Poter et al. (2007). Finally, according to
the cited experimental determinations and the theoretical re-
sults, the interlayer space is the only significant difference
compared to muscovite, phengite, or illite due to the total

or partial substitution of K by NH4. The change of a single
cation by a molecule increases this space in proportion to
the NH4/K ratio and opens the possibility of connections be-
tween the H of the molecule and the basal O of the tetrahedral
sheet.

In fact, Mesto et al. (2012) showed that the differences
in the basal spacing (csinβ) of micas with interlayer cations
of different sizes are exclusively dependent on the interlayer
thickness (Fig. 7 in Mesto et al., 2012); that is, the TOT layer
has a nearly fixed width, with the overall thickness of the
structure changing only in response to the size of the inter-
layer cation (Fig. 10a). This general rule also applies for the
NH4-bearing micas and includes different polytypes (2M1
vs. 2M2). This close dependence between interlayer thick-
ness and cation size constitutes the basis for the formulae
proposed by Drits et al. (1997) and Higashi (2000), which
relate NH4/K ratios with the basal spacing. Figure 9a shows
the evolution of the basal spacing with NH4 content for the
calculated structures.

The tetrahedral rotation angle is another structural char-
acteristic closely linked to the size of the interlayer cation.
This is the angle by which the ditrigonal rings of the TOT
layer’s basal oxygen plane deviate from the ideal hexagonal
geometry. In general, this angle is higher (more distorted) for
small cations, such as Na, but approximates the ideal hexago-
nal character for large cations, such as Cs (Fig. 10b), because
these cations require more space in the ring. Therefore, the
relationship between the tetrahedral rotation angle and the
interlayer thickness for Na, K, and Cs micas follows a nearly
linear tendency. Nevertheless, NH4-bearing mica and tobelite
deviate from this general trend, having a tetrahedral rotation
angle very similar to that of muscovite despite their greater
average interlayer cation size and thickness (Fig. 10b). In
other words, NH4 does not occupy the ditrigonal space in a
manner similar to that of the spherical cations because of its
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Table 2. Behaviour of hydrogen bonds between NH4. . . O-tetrahedral layers and distances (N. . . O) of the optimised crystalline structures
from NH4 micas with different NH4/K ratios. The RDF bond distance is in Å, and the cation exchange energy of each NH4 molecule is in
eV.

Composition % K Cation exchange energy RDF major peak N. . . O RDF major peak H. . . O csinβ/2

4NH4 0.0 −25.66 3.47 3.33 10.35
3NH4/K 25 −19.90 2.75 3.97 10.30
2NH4/2K 50 −13.00 2.93 3.12 10.22
1NH4/3K 75 −6.49 2.85 2.8 10.17
NH4/7K 87.5 6.81 3.39 1.7 10.15

Figure 10. (a) Interlayer thickness in different micas depends on the ionic radius of the main interlayer cation. (b) Relationship between
interlayer thickness and tetrahedral rotation angle. Note that NH4-bearing micas deviate from the general tendency (dotted black line),
maintaining the same angle as muscovite (dashed grey arrow). Data (interlayer thickness and tetrahedral rotation angle) from Brigatti (1998)
for 2M1 muscovites, from Zhoukhlistov et al. (1973) for 2M2 phengite, from Ni and Hughes (1996) for 2M2 nanpingite, from Lin and Bailey
(1984) for 2M1 paragonite, and from Mesto et al. (2012) for tobelite and NH4-muscovite. Ionic radii from Shannon (1976) and Pöter (2003).

tetrahedral geometry and the capacity to establish hydrogen
bonds with the basal oxygens of the ring (Fig. 6).

In conclusion, the structural organisation of tobelite and
NH4 micas is similar to that of other micas (e.g. muscovite),
but the presence of H in the ammonium molecule allows
the existence of H bridges. These weak bonds complement
the general electrostatic attraction between the positively
charged ammonium and the TOT layer, which is the main sta-
bilising link of the mica structure. The exact location of the H
atoms in the structure has been precluded until now by their
extremely light electronic density and the low-crystallinity
character of all of the samples experimentally determined
by both single-crystal and powder methods. Therefore, the
theoretical approximation carried out in this study produces
the only possible data on the predictable location of the H
atoms and the existence of H bonds, which, in addition,
probably help to stabilise the structure up to its collapse for
the K7/NH4 composition, which becomes energetically un-
favourable (Fig. 9b and Table 2).

One consequence of the H bonds is the possibility of sta-
bilising polytypes different from 2M1, which is typical in

mature rock-forming dioctahedral micas. Other polytypes
have been described for dioctahedral micas, but they are rare,
restricted to particular compositions, as in the case of 1M
(Peacor et al., 2002), or disordered, as in the case of the 1Md
in illites progressively evolving to mature micas (Chen and
Wang, 2007; Nieto et al., 2010). In other phyllosilicates, such
as the kaolinite group or chlorites, the H bridges play a cru-
cial role in the variety and nature of the polytypes. According
to the cited structural XRD determinations and SAED data
in the literature, various polytypes (1M, 1Md, 2M1, 2M2, 3T,
and 2Or) coexist in NH4-rich micas at the sample level, and
2M2 was the predominant polytype determined on the single
crystals analysed by Mesto et al. (2012), with local coexis-
tence with other polytypes (Capitani et al., 2016). Therefore,
the existence of H bridges could open the possibility of dif-
ferent polytypes. Small energetic differences among them for
NH4-rich micas, together with the low activation energy at
the low temperatures at which they form, could be responsi-
ble for their usual coexistence in all of the studied samples,
linked or not, to the particular composition of each grain.
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5.2 Coexistence of extreme muscovite (or illite) and
NH4-bearing micas

In many natural occurrences of tobelite or NH4-bearing mi-
cas, these coexist with illite or muscovite at the sample level
(Juster et al., 1987; Nieto, 2002; Bauluz and Nieto, 2018; Bo-
bos, 2019). This coexistence was also the result of the NH4–
micas synthesised by Bentabol and Ruiz Cruz (2016b). Due
to their slightly different basal spacing and intensity ratios,
the two micas produce differentiated XRD peaks (Fig. 1),
similarly to the coexistence between muscovite and parago-
nite, the Na-bearing mica. In such cases, the basal spacing
of the NH4-bearing mica is dependent on its content of NH4
(Drits et al., 1997; Higashi, 2000), but the position of the K
mica peak is fixed, corresponding to its characteristic 10 Å
spacing. This study confirms the coexistence of the two mi-
cas at the nanoscale level (Figs. 2 and 3) using HAADF im-
ages and chemical EDX maps in coherence with previous
TEM images described by Nieto (2002), Bauluz and Nieto
(2018), and Bobos (2019). Quantitative analysis revealed that
the two phases define different compositional fields, one in-
terlayer deficient due to the lack of NH4 data and the other
with nearly full occupancy of the interlayer space, giving typ-
ical formulae of K micas in the field of illite or muscovite
(Table S1 and Fig. 4). Even if the K micas scatter between
the theoretical compositions of illite and muscovite, they de-
fine a limited range of compositions, which is consistent with
the one described in the literature and acknowledged in the
IMA classification of micas (Rieder et al., 1998).

On the other hand, the coexisting NH4-bearing micas ex-
tend over a wide range of compositions, variable from sam-
ple to sample but also dependent on the analysis point for
any given sample (Fig. 4). This range extends from nearly
extreme tobelite up to NH4-bearing muscovite, defining the
existence of a continuous solid solution between the two ex-
tremes in structural and thermodynamic terms. Nevertheless,
the K-rich endmember of this continuous solid solution is not
pure muscovite but a term richer in K, although it still con-
tains significant NH4. This continuous solid solution is con-
sistent with the structural determinations of single crystals
of tobelite and NH4-rich muscovite by Mesto et al. (2012),
in which no significant structural differences were found be-
tween the two crystals, with only the expected differences in
structural parameters due to the nature of the major interlayer
cation, NH4 vs. K.

Based on the structural description and energy stability
calculations performed in this study, NH4 can enter the mica
structure as an interlayer cation, coexisting with variable pro-
portions of K from the endmember tobelite up to, at least,
a proportion of 75 %K / 25 % NH4. In this range, both the
variation of energy and the basal spacing show a continu-
ous behaviour (Fig. 9), with the two properties varying lin-
early depending on the K/NH4 ratio. This continuous be-
haviour allows the determination of the NH4 content based
on the experimentally measured basal spacing (Drits et al.,

1997; Higashi, 2000). In all of this solid solution, the in-
corporation of K into the tobelite structure is energetically
favourable (Fig. 9), possibly due to the effect of shorter H
bonds (Table 2). Nonetheless, the calculated structure for
87.5 %K / 12.5 % NH4 shows a change to positive energy
(Fig. 9b), making such composition unfavourable in rela-
tion to a pure mixture of NH4-rich muscovite (or tobelite)
and NH4-free muscovite. Interestingly, this composition co-
incides with the absence of analytical data between the NH4-
bearing micas and the illites/muscovites (Fig. 4).

The energetic and structural calculations presented in this
study, producing the above described continuity, are based
on the structure of the 2M2 polytype of micas as this was the
major polytype determined by Mesto et al. (2012) for both
tobelite and NH4-rich muscovite single crystals and one of
those present in the mixture of polytypes in powder samples,
determined by means of the Rietveld method by Harlov et
al. (2001) and Poter et al. (2007). This mixture of polytypes
seems to be a characteristic of NH4-bearing micas as it has
also been described in TEM studies (Nieto, 2002; Bentabol
and Ruiz Cruz, 2016b; Bauluz and Nieto, 2018; Bobos, 2019)
and contrasts with the ubiquitous presence of the 2M1 poly-
type of muscovites and phengites in nature. Therefore, the
structural differences between NH4-bearing and NH4-free
micas cause differences in the stability of the polytypes, for
which the importance of H bridges in NH4-bearing micas
may produce the stabilisation of polytypes different from
2M1.

Given that the solid solution between NH4 and K micas
extends over a wide range of compositions, those sample
zones in which the proportion between the two main inter-
layer cations is inside the solid-solution field produce mi-
cas with mixed compositions. As it is characteristic of low-
temperature rocks (Morse and Casey, 1988; Merriman and
Peacor, 1999), these diagenetic and very-low-grade meta-
morphic samples have not reached chemical equilibrium,
which justifies the large range of compositions at the level
of individual samples. Such internal differences are even
present inside single crystals (Capitani et al., 2016). Only
those areas in which the proportion between the two cations
corresponds to a higher K content than that acceptable in the
structure of NH4-bearing micas solve this forbidden compo-
sition by exsolving a minor quantity of muscovite or illite.
These areas deal with the energetic problem of micas hav-
ing a composition near the K endmember but with a minor
proportion of NH4 by the coexistence of two different micas,
which is energetically more favourable.

6 Conclusions and implications for mica
nomenclature

Ammonium-bearing micas share the general structure with
other micas, particularly regarding the TOT layer organisa-
tion, but have their particularities concerning the interlayer
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space. The tetrahedral geometry of the NH4 ion results in a
different behaviour compared to usual spherical ions, open-
ing the possibility of interactions between the H atoms of the
molecule and the basal oxygens of the TOT layer. Such a dif-
ferent geometry and type of bonding affects the tetrahedral
rotation angle, for which NH4 micas deviate from the gen-
eral tendency that relates the interlayer cation size and the
tetrahedral rotation angle, with ammonium micas having a
bigger distortion than what it would correspond to accord-
ing to their cation size. These interlayer space configuration
differences affect the relative stability of polytypes. Unlike
muscovite, NH4 micas in nature combine various polytypes
at the sample level without a defined typical polytype.

Density functional calculations have shown that ammo-
nium micas are continuously stable over a wide range of
NH4/K ratios from the NH4 endmember, tobelite, up to com-
positions with K as the major interlayer cation; however,
the composition near 87.5 % K becomes energetically un-
favourable, showing positive cation exchange energy. Com-
positional maps and quantitative analyses obtained using
analytical electron microscopy over HAADF images have
shown that those compositions near the K endmember but
still with a significant proportion of NH4 are absent in na-
ture. Areas with this type of composition are formed by a
nanometric intergrowth of NH4 micas and muscovite or il-
lite.

In conclusion, NH4 micas are a solid solution covering a
wide field of NH4/K ratios and should be considered to be a
series name, with tobelite as their NH4 endmember. The K-
rich endmember of the solid solution still contains a signifi-
cant NH4 content; hence, it is not muscovite; its exact com-
position is difficult to know exactly due to analytical uncer-
tainties and the possible influence of physical–chemical ge-
netic conditions. Moreover, NH4 mica series and muscovite
have minor structural differences, which justifies the exis-
tence of a compositional gap between them. These differ-
ences are related to the organisation of the interlayer space
due to the tetrahedral geometry of the NH4 molecule and
the existence of H bonds with the TOT layer’s basal oxygen
atoms.
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