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Abstract: The physical explanations and understanding of the order—-disorder phenomena in the solid
state are commonly inferred from the experimental capabilities of the characterization techniques.
Periodicity is recorded according to the averaging procedure of the conventional reciprocal-space
techniques (RSTs) in many solids. This approach gives rise to a sharp trimodal view including
non-crystalline or amorphous compounds, aperiodic crystals and periodic crystals. However, nuclear
magnetic resonance (NMR) spectroscopy offers an alternative approach that is derived from the
distinct character of the measurements involved at the local scale. Here, we present a sequence of
progressive order—disorder states, from amorphous structures up to fully ordered mineral structures,
showing the great diversity existing in the solid state using multinuclear NMR spectroscopy. Some
examples in glasses and products of their crystallization are used, as well as several minerals
(including beryl-group and feldspar-group minerals) at magnetic fields up to 35.2 T, and some
examples from literature. This approach suggests that the solid state is a dynamic medium, whose
behavior is due to atomic adjustments from local compensation of electrical charges between similar
structural states, which explains Ostwald’s step rule of successive reactions. In fully ordered feldspar
minerals, we propose that the electronic structure of the elements of the cavity site is involved in
bonding, site morphology and feldspar topology. Furthermore, some implications are derived about
what is a mineral structure from the point of view of the NMR experiments. They open the possibility
for the development of the science of NMR Mineralogy.

Keywords: glasses; phosphates; borates; feldspar-group minerals; “valencianite”; labradorite;
moonstone; beryl-group minerals; amorphous materials; NMR mineralogy

1. Introduction

The descriptions and interpretations that have been given to explain the origin of
the structures of the solid state have been changing throughout history, depending on the
available techniques of characterization and the previously existing models. At present,
our understanding of the solid state in direct space comes from information provided by
reciprocal-space techniques (RSTs). Its model is expressed through the concept of “crystal”,
which is a mathematical object with defined geometric and symmetrical characteristics,
where the dense packing of spherical atoms and the resulting periodicity are its fundamen-
tal characteristics.

There are many solids and minerals that do not fit with this idealized approach,
however. They contain discordant elements, and thus they have been considered as
amorphous, non-crystalline, imperfect, anomalous, hybrids, and defective solids. As a
result, all such solids have been excluded, or have not been used with the same interest,
for the generation of explanatory models. Furthermore, many of these neglected solids are

Minerals 2022, 12, 1375. https:/ /doi.org/10.3390/min12111375

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min12111375
https://doi.org/10.3390/min12111375
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-4306-0815
https://orcid.org/0000-0002-7322-6559
https://doi.org/10.3390/min12111375
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12111375?type=check_update&version=2

Minerals 2022, 12, 1375

2 of 60

currently explained with the same principles, as if the solids actually can be made to fit
that dominant model. The concept of “mineral” has also been highly influenced by that of
“crystal”, as well as by the possibilities of analytical techniques for determining chemical
composition, where stoichiometry is also seen as a fundamental character linked to the
periodicity of crystals. The progressive discovery of the increasing structural, chemical and
textural diversity that exists in natural and synthetic solids has frequently collided with
the expectations created by the a priori models. At present, we know that all instrumental
techniques have specific analytical possibilities and that they are limited by their power of
resolution in both the spatial and temporal scales.

In this work, we offer an alternative interpretation of the solid state by paying attention
to both aspects. We take into account a wide range of solid types in terms of degrees of order—
disorder series and in solid-solution series, but also use high-resolution NMR techniques,
mainly on aluminosilicate frameworks and in particular on feldspar-group minerals, and
also glasses and products of their crystallizations. In this approach, a mineral is any natural
or synthetic solid compound with either a stoichiometric or non-stoichiometric composition.
Hence, an alternative perspective to the geometric spatial model is suggested, and a new
physicochemical explanation is presented on an empirical basis, where electric charges
have a fundamental role, including not only the low-energy valence electrons of the last
shells, but also the high-energy electrons from within.

2. Background

The physical understanding and explanations of order—-disorder phenomena in the
solid state are mainly determined by the characteristics of the investigated materials used
for this research and the limitations of the experimental techniques used. Minerals or
available natural solids have been the main solid materials used for the construction of
theoretical idealizations in crystals, and the physical explanations of their order—disorder
phenomena. In recent times, synthetic compounds have also been used with these objectives.
However, the capabilities to generate order and structural diversity in natural minerals are
remarkable due to geological time scales, absent in the experimental circumstances of
the laboratory.

Idealizations about crystal structures derived from experimental data on minerals
started with goniometry in the 18th century, optical microscopy in the 19th century, con-
tinued with X-ray diffraction in the first part of the 20th century, and with spectroscopic
techniques mainly in the second part of the 20th century. Goniometric measurements of
minerals only allowed the separation between crystalline substances with euhedral habits
on one side, having constant interfacial angles in crystals or regular morphological units
at the macroscopic scale when measuring the same mineral species, and non-crystalline
anhedral substances on the other side, for amorphous (i.e., without shape) solid minerals.
This experimental methodology produced the identification and definition of the symmetry
systems in crystals as the basic idealization for the description of natural order. However,
with the discovery of optical microscopy, and the examination of many minerals in thin
sections, it was found that most minerals with a crystalline habit were actually composed
of twins, sectors, fine intergrowths and other heterogeneities, thus not being true crystals
as expected from a priori models. A higher resolution at the atomic scale was needed to
define the origin of the symmetry at the macroscopic scale, in order to obtain new data for
the description of crystals according to such models.

Reciprocal-space techniques (RSTs), such as X-ray diffraction (XRD), neutron diffrac-
tion, and selected-area electron diffraction (SAED) patterns, take the advantage of the
diffraction phenomenon in crystalline minerals by a suitable radiation wavelength. From
this approach, a mineral or any solid is a crystal if its atoms, ions and /or molecules form,
on average, a long-range ordered arrangement in direct space. Thus, the reciprocal-space
definition indicates that a solid is a crystal if it has essentially a sharp (point-like) diffraction
pattern [1]. These Bragg peaks are commonly used to build up a lattice model in the
form of “ideal” crystals, involving cell parameters and space-group symmetries. These
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experimental techniques have produced a classification of solids in a trimodal distribution,
depending on the character of the described lattice: (i) “amorphous solids”, which do
not have Bragg peaks and thus do not have a lattice, though showing remarkable diffuse
scattering because of aperiodicity; (ii) “aperiodic crystals”, which have structures that
produce sharp Bragg peaks, but lack strict three-dimensional lattice periodicity and, conse-
quently, with extremely common diffuse scattering; and (iii) “periodic crystals”, which have
structures with, ideally, sharp diffraction peaks that can be used to build up a reciprocal
lattice. However, many “real” crystals (for instance, common minerals) almost always
present diffuse scattering in their diffraction patterns, which is often ignored when an ideal
lattice model is constructed. Thus, an additional distinction in real crystals is required to
separate and to distinguish between “perfect crystals”, with Bragg peaks and an absence of
diffuse scattering, and “imperfect crystals” with “average structures” where both Bragg
peaks and diffuse scattering are resolved. Alternatively, a perfect crystal can also be defined
as one in which only point defects exist, such as thermal vacancies or impurities, and as
allowed by states close to thermodynamic equilibrium [2].

It is important to note that periodicity is derived from the measurement of long-range
order—disorder, which is explained as the periodic filling of space by atoms, in most cases by
using atoms with spherical shapes. In contrast, “glassy” materials are generally described
as amorphous solids because they lack this periodic packaging. However, the measured
periodicity is very commonly the result of an averaging procedure inseparable from the
physical character of the experimental capabilities. These averaged data are produced
in size domains of 50-100 nm for having a coherent X-ray diffraction phenomenon [3].
Therefore, if the scale of repeating structural motifs, the small deviations from the averaged
predominant regularities, and also diffuse scattering are ignored (for instance in the case of
atomic disorder of stoichiometric or non-stoichiometric compounds), only “ideal” crystals
with periodic models are obtained. These crystals may be described as “real” minerals,
actually having aperiodic structures (pseudoperiodic or strictly non-periodic structures),
but with order only at the local scale.

In this case, long-range disordered structures with true medium-range order are
perceived as ideal long-range ordered structures avoiding, in fact, the atomic schemes at
the medium range also. It is also the case in fine coherent intergrowths of two phases where
the abnormal lattice parameters and space-group symmetries are the result of lattice strain.
In these cases, the crystalline models are the products of rational idealizations rather than
descriptions of the true structures in the available order—disorder states of nature. These
rationalizations impose axiomatic periodicity that can hide some real structural features of
minerals [4,5], and thus they avoid alternative explanations of the ordered atomic schemes
existing in minerals.

Nuclear magnetic resonance (NMR) offers an alternative approach to the understand-
ing of order—disorder states found in minerals as well as in glasses [4-22]. In this review,
we have selected some examples from our own experimental works, but also include some
new experimental results, to develop a scheme of structural order-disorder states between
highly disordered structures and fully ordered and nearly stoichiometric mineral structures.
This spectroscopic technique produces information about statistical distributions of atomic
sites at the local scale instead of averaged single values of structural dimensions. The
resolving power of discrete signals in NMR does not depend on the size of homogeneous
volumes but on the existence of populations of atoms having similar local configurations in
terms of similar chemical environments, the surrounding electrical charges and/or local
bonding geometries.

The values of chemical shifts of the different resonances are thus related to different
chemical environments and local geometries, giving rise to spectroscopically distinct sites.
However, the spectroscopically distinct sites from short-range order resolved by NMR are
not always coincident with the crystallographically distinct sites expected from RSTs [22].
The chemical environments distinguishable by NMR are coincident with the diffraction
sites if the short-range atomic correlations reach distances at the long-range scale, to
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give rise to strictly periodic patterns, i.e., only in the case of perfect or quasi-perfect
crystals. In this case, the same atomic configurations occurring at the local scale are
reproduced throughout the whole crystalline volume without changes, giving rise to
correlations that are accessible to the resolving-power of the averaging procedure of the
RSTs. However, where chemical disorder exists, such as in order—disorder series and in
solid-solutions series, the active nuclei can produce different resonances for each discrete
chemical environment. Positional disorder from the lack of strict periodicity is recorded
as a widening of signals, because atoms have site distributions instead of lattice sites,
lowering the resolution of discrete spectroscopically distinct sites in a structure. Spectral
resolution is also limited in quadrupolar nuclei where the spectral characteristics of different
atomic sites are similar, resulting in uncertainties that are difficult to overcome. Hence, the
NMR techniques produce complementary and, in certain cases, unique information about
the atomic configurations in the solid state, including in addition specimens having an
imperfect long-range order, which is the general case in minerals, particularly in feldspars.

Consequently, the NMR techniques open up new possibilities of expanding the de-
scription of the structural diversity in the solid state, particularly by using it in glasses, the
product of their crystallization and minerals. This perspective can be called NMR Mineral-
ogy as a complementary approach to modern mineralogy that mainly rests on XRD and
chemical data. In addition, NMR allows the development of alternative explanations on
the origin of structural order in the solid state. These explanations have not yet been fully
explored, although chemical composition is often suggested as an alternative to geometry
as the cause of crystallization.

Here, we show the great diversity that exists in the atomic structures of the solid state,
as revealed from NMR data (Table 1). This diversity has important consequences to decide
on how we can describe what a mineral is, including the structural diversity observed
in order—disorder series and solid-solution series in the solid state. These are the main
criteria used to define different “mineral species”. Finally, a role of electrical charges at
different correlation scales is proposed as the driving force for ordering. We suggest that
the electronic structure of the cations located at the M site imposes the most stable values to
the cation—anion distances, as they appear in the topology of the tetrahedral framework of
perfectly ordered structures. Therefore, the electronic structure could also be responsible for
the formation of perfect crystals with fully ordered structures at the different length scales.

Table 1. Diversity of order—disorder states found in glasses and minerals.

Solid State Diversity by NMR Glass and Mineral Examples
Highly disordered structures KAISi3Og amorphous gels *
I. Non-crystalline Chemically ordered structures NaPOj3.3, /2Ny glasses *
or amorphous structures Geometrically ordered structures KPO; glass *
Chemically and geometrically ordered structures NaBO, glass *

II. Long-range homogeneously
disordered structures
(mixed crystals or
non-stoichiometric compounds
and stoichiometric compounds
or end-members)

Cay_4SryF; s.s. series
Synthetic Gehlenite Cay Al,SiO7

Synthetic 3-spodumene LiAlSi,Og Synthetic
B-eucryptite s.s. series

Random structures

Loewenstein structures

Micas group s.s. series

Charge-dispersed structures ”valencianite” KAISi3Og mineral *

IIL. Heterogeneous crystalline
intergrowths at the mesoscale
(<50 nm)

Aperiodically modulated “tweed” structures Orthoclase KAISi3Og mineral *
Periodically modulated composite structures Labradorlﬁfrliiga*Al3515 O16)

Coherent intergrowths of crystalline domains of two

1 1 *
different phases at the mesoscale Moonstone (K,Na)AlSisOg mineral

IV. Fully ordered and stoichiometric structures

End-members of the
alkali feldspar o.d. series *

Note: * used in this work, in glasses and their devitrification crystalline products and mineral examples as
order-disorder (0.d.) series and solid-solution (s.s.) series, particularly in the feldspar group of minerals.
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3. Materials and Methods
3.1. Materials

We have used diverse materials to illustrate different states in order—disorder series
and solid-solution series. Their main characteristics will be described in each section.

3.2. Chemical Analysis by Electron Microprobe Analysis (EMPA)

Feldspar specimens used in this work were characterized by spatially resolved quanti-
tative chemical analysis for the major elements Si, Al, Na, K and Ca. We employed an SX-50
instrument at the Institut des Sciences de la Terre d’Orléans (ISTO, CNRS, Olivier Rouer,
analyst) and a JEOL Superprobe JXA-8900M instrument at the ICTS Centro Nacional de
Microscopia Electrénica (UCM, Madrid, Alfredo Larios Fernandez, analyst). The operating
conditions were 15 kV and 25 nA, and the spot diameter was between 1 and 5 um. The ZAF
software was used to correct for matrix effects. The chemical compositions of feldspars
were expressed as OryAbyAn,, with x, y and z expressing the molar content of KAISi3Og,
NaAlSizOg and CaAl,Si;Og components in solid solution. We obtained information on
chemical homogeneity by obtaining four or five compositions per specimen.

3.3. Powder X-ray Diffraction (XRD) Patterns

Specimens were studied with powder XRD to assess the amorphous character in
glasses and to characterize the crystalline species. The glasses and products of their devitri-
fication were studied using a BRUKER D8 Advance Diffractometer equipped with lynxeye
(rapid detector) at the Instituto de Ceramica y Vidrio (ICV-CSIC) in Madrid. Plagioclase
feldspars and moonstone were studied by powder XRD using a PANanalytical 6-26 X'Pert
PRO, recorded with CuKa; radiation at 45 kV and 40 mA over a range of 10°-60° 26,
with a step size of 0.0167° and 100 s time constant time at the Servicio Interdepartamen-
tal de Investigacion (SIdI-UAM) in Madrid. The unit-cell parameters were acquired by
Rietveld refinement using a BRUKER-AXS TOPAS v6 (2016) and Diffrac.Eva 5.1 (2019)
from BRUKER AXS, Karlsruhe (Germany). The same procedure was used to quantify the
weight proportion of the Or and Ab components in the moonstone intergrowths as well
as in NaBO, and NaBO,-2H,0 phases. Finally, the XRD patterns of alkali feldspars with
end-member compositions are described in [4]; an INEL CPS 120 equipment was employed
with CoKay radiation at 30 kV and 25 mA.

3.4. Nuclear Magnetic Resonance (NMR)

Four NMR laboratories produced the experimental results described in this work.
These are: (i) the Solid State Nuclear Magnetic Resonance Laboratory (Molecular Spec-
troscopy Unit) of the Interdepartmental Investigation Service, Universidad Auténoma
de Madrid (SIdI-UAM), using a Bruker AV 400 WB spectrometer at 9.4 T for the acquisi-
tion of 3P and !B spectra; (ii) the NMR Support Laboratory of the Instituto de Ciencia
de Materiales ICMM-CSIC), using an AVANCE II (Bruker) equipment at 9.4 T for 2si
and Al spectra, as described in detail in [4]; (iii) the RMN Haute Résolution Solide et
Haute Température a Conditions Extrémes et Matériaux: Haute Température et Irradiation
(CEMHTIL, CNRS), using a Bruker Avance III spectrometer at 9.4 T and 17.6 T for single-
pulse experiments in 2Si, 2/ Al and ?*Na spectra, and at 20 T for 2Si-?” Al double-resonance
magic-angle spinning (MAS) NMR experiments, as described in detail in [22]; (iv) the
MagLab, at the U.S. National High Magnetic Field Laboratory (NHMFL) in Tallahassee,
Florida, USA, for the 19.6 T experiments in 27 Al, Na and ¥K spectra; the 27 Al NMR spec-
tra were performed in some samples at 35.2 T in the DC field facility of the MagLab [23].
The NMR spectra were analyzed by using DMFIT2011 [24] to calculate the isotropic chem-
ical shift o;, the center of gravity of the signals c.g., the quadrupolar constants Cq, the
asymmetry factor 1, the line width Iw of each component, and also the relative areas A of
each component of the spectra. Additional details about the NMR experiments, such as
MAS frequency of rotation v,, will be presented where used in the Figures.
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4. Results
4.1. Non-Crystalline Structures

The first group of solids includes a collection of materials that do not produce Bragg
diffraction maxima, but only broad diffuse rings, which reflect the lack of definite inter-
atomic distances [25], i.e., to the lack of periodicity. Glasses, gels, and also some nanopow-
ders produced by mechanosynthesis are commonly labeled “amorphous” because of a
lack of sharp diffraction peaks. However, from the point of view of solid- state NMR, four
distinct structural types can be discriminated among the amorphous materials (Table 1).

First, highly disordered structures are described here as the disordered end-member
from the point of view of resonances that can be resolved. The solid state NMR spectra
of these materials consist of a single broad signal in which a coordination polyhedron
is inferred as well as an approximate degree of condensation. For Si atoms, Q" may
vary (0 <n <4) from isolated orthosilicate tetrahedral (T) units of Si atoms and four
non-bridging oxygen atoms (Q°) to fully polymerized tectosilicate structures without non-
bridging oxygen atoms (Q*). However, no additional details can be inferred from the
experimental results, e.g., features of the T rings in medium-range structures consisting of
between three and more than eight T units.

As an example, we have selected a gel of KAISi3;Og composition. The gel was prepared
by using the method of Hamilton and Henderson [26]; K, Al, and Si were introduced
into the gel from precursor powdered compounds, K,COj3, tetraethoxysilane (TEOS) and
AI(NO3)3-9H,0. The obtained sol-gel was heated up to 450 °C to obtain a gel powder
without volatile elements with the desired final stoichiometric composition. This fully
disordered solid state is characterized by very broad signals in NMR. Figure 1a,b show
the 2%Si and 7 Al MAS NMR spectra of KAISi;Og gel. Both spectra show a single broad
resonance attributed to silicon and aluminum atoms in four-fold coordination. The structure
of the crystalline KAISi3Og consists of statistically distributed SiO4 and AlOy tetrahedra,
where potassium ions provide electrostatic neutrality. In the amorphous gel-like solid, the
network is equally built up of a fully polymerized structure of Si-O-Si or Si-O-Al bonds in
tetrahedra. The 2?Si NMR resonance with a chemical shift of ca. 96 ppm does not allow one
to distinguish between groupings that have Si-O-Al bonds from those that do not. This
type of disorder would correspond to the general label “amorphous solid”. In this case,
spectral resolution is obtained for the first sphere of coordination only.

Figure 1c displays the 2’ Al spectrum at 35.2 T of sanidine Orzg7Ab,; 3 from Eifel
(Germany) that has been ion-exchanged into a pure Orjgg as specimen K-713r. It represents
the first crystalline structure formed from a glass or a gel of the same composition [4].
It is worth noting that the single resonance with c.g. at 61.6 ppm has a similar shape to
that in the gel in Figure 1b, although the quadrupolar broadening has been almost totally
cancelled. It is not possible to resolve spectroscopically distinct sites owing to the large
distributions of chemical shift of the four possible tetrahedral sites than can be inferred from
the 29Si spectrum [4]. If two Gaussian curves are used for the simulation of this spectrum,
they will have the same area. This relationship between the amorphous precursor and the
first crystalline product has been explained as the easiest transformation from a kinetic
perspective, or “simplexity principle” as suggested by Goldsmith [27]. The nucleation and
growth of disordered phases with higher simplexity (i.e., simplicity) are favored over more
stable and ordered compounds of lower simplexity, as an expression of Ostwald’s step rule
of successive reactions [28].

In a second stage we point out to chemically ordered structures in which NMR spectra
show a range of different resonances related to defined chemical environments. For instance,
in a hydrated SiO, glass, Q3-OH, and Q?-(OH), are detected by 295 CP-MAS NMR [29]
in addition to Si atoms at Q* sites. Herein, we are going to present a much more complex
glass structure in the P-O-N system, or so-called oxynitride system. Oxynitride phosphate
glasses are typically obtained via ammonolysis reactions of a phosphate parent glass at
temperatures where the liquid has a low viscosity, though held below 800 °C to avoid
phosphorus reduction. The parent phosphate glass is placed into a graphite mold and
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subjected to ammonia flow for several hours. Nitridation reactions of phosphate glasses
have been recently reviewed by Mufioz [30].

specimen
K-713r

50 —60 —70 —80 —90 —100 —110 —120 —130 —140 —150
Si chemical shift at 9.4 T (ppm)

70 65 60 55 50

100 9% 8 70 60 50 40 30 20 10 0
Al chemical shft at 9.4 T (ppm)

Figure 1. The 2°Si and Al MAS NMR spectra of the KAISi3Og gel in comparison with those in
sanidine. (a) The 2Si MAS NMR spectrum at 9.4 T and the simulation by a Gaussian curve with
c.g. ~ —96 ppm and Iw = 18 ppm of sample KAISi3Og gel, with a profile in dashed curve of the 2Si
spectrum at 9.4 T of sanidine in specimen K-713r in red. (b) The 2 Al MAS NMR spectrum at 9.4 T and
the simulation with a Gaussian curve with c.g. = 53.5 ppm and lw = 15.4 ppm, of sample KAISizOg
gel, with a profile in dashed curve of the Z7Al spectrum of sanidine in specimen K-714z, (c) The 2Z7A1
MAS NMR spectrum at 35.2 T of specimen K-713-r, the spectrum can be simulated with a single
Gaussian curve (sim 1 in red) at c.g. = 61.6 ppm and Iw = 4.7 ppm, but also with two Gaussian curves
(sim 2 in green) at c.g. = 62.5 ppm and lw = 3.8 ppm and area 50.1% for Ty site, and at c.g. = 60.6 ppm
and Iw = 3.8 ppm and area 49.9 % for Ty site. The 2 Al MAS NMR spectra at 35.2 T were obtained
using a 3.2 mm rotor, v; = 12.5 kHz, 71/2 at 20.4 ps and 218 W; for the experimental conditions of the
29Si and ¥ AIMAS NMR at 9.4 T see ref [4].

Oxynitride glasses became popular in glass research in the 1970s as a result of the study
of amorphous phases such as SiAlIO;N produced during the sintering of Si3sNy ceramics [31].
In 1982, Marchand synthesized the first oxynitride phosphate glass from NaPOj; using
the ammonolysis method by reacting phosphate melts with NHj3 at 700 °C [32,33]. As in
silica-based glasses, the phosphate tetrahedra may have one or two oxygen atoms replaced
by nitrogen, producing two new structural groups with one and two nitrogen atoms per
phosphorus atom, POsN and PO;Nj», respectively. The network becomes strengthened
by the formation of P-N = P or P-N < (P), bonds that increase the bond density. Figure 2
shows the 3P MAS NMR spectra of a series of oxynitride phosphates glasses obtained
by nitridation of a NaPOj3 glass, with increasing nitrogen contents between N/P = 0.19
and N/P = 0.41 [34]. The spectra show very clearly three resonances attributed to POy
(green), PO3N (blue) and PO;Nj (red) tetrahedra. The 31P resonance of POy groups forming
Q?-type tetrahedra typically appears at —20 ppm for the NaPO3 metaphosphate glass. Once
nitrogen substitutes for oxygen and forms PO3N and PO,N, groups, their resonances are
distinguished at lower fields, with chemical shifts near -9 and 1 ppm, respectively.
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PON Jf:

NaPON,,,

031

NaPON, ,

O&

20 10 0 -10-20-30-40-50 20 10 0 —10-20-30-40-50 20 10 0 —10-20-30-40-50 20 10 0 —10-20-30-40—350

*'P chemical shift at 9.4 T (ppm)
Figure 2. 3'P MAS NMR spectra of NaPON glasses with increasing nitrogen contents: N/P = 0.19,
0.28, 031, 0.41, respectively (see Table 2 for the deconvolutions). Spectra were deconvoluted into three
Gaussian-like curves attributed to resonances of PO4, POsN and PO, N, structural units. Adapted
with permission from Ref. [34]. 2021, American Chemical Society. (a) NaPONj 19, (b) NaPONj »s,
(C) NaPON0,31 and (d) NaPONOAl.

Table 2. The numerical values of the deconvolutions of the 'P MAS NMR spectra of Figure 2.

Glasses NaPOng NaPONo,zs NaPON0,31 NaPON0.41
Sites diso/area % diso/area % diso/area % diso/area %

PO,N, 1.3/3 1.2/7 2.8/13 1.0/15

PO3N;3 —8.5/30 —8.5/42 —6.5/53 —8.5/47
PO, —-19.9/67 —19.2/51 —17.5/34 —18.7/38

A third case involves geometrically ordered structures, solids in which more than one
site can be identified and attributed to local chemical changes rather than to a different
bulk composition. Consider for instance a Na;SisOg glass, with a structure containing Si
atoms in Q? and Q* polyhedra in a melt quenched at 1 bar, and a totally different structure
in one quenched at 12 GPa. In the latter, a Q3-Q* distinction is no longer clear; five- and
six-coordinated Si atoms may well be present [35]. In this case, the phenomenon of glass
polyamorphism could result in the crystallization of different crystalline phases from a
melt. We also explore the case of KPOj glass as an example of this type of local order. A
glass with composition KPO3 was obtained by rapidly quenching the melt as described
in [36]. Crystalline KPO3 was obtained after maintaining the melt at 740 °C for 24 h.
NMR spectroscopy can resolve structural sites with different geometry. It is possible to
resolve distinct resonances from geometrically distinct atomic positions. Figure 3 shows
that two resonances can be resolved at chemical shift values very close to those found in
the crystalline compound [36]. Note that despite this structural order, XRD cannot detect
such a configuration because it does not form periodic arrangements.

Unlike other alkali metaphosphate compositions, KPO3 does not vitrify upon quench-
ing the melt unless very rapid cooling is applied to avoid spontaneous crystallization.
The fact that the structure of the liquid just above its liquidus temperature is so similar to
the one of its crystalline counterparts is the basis for its tendency to crystallize so readily.
Furthermore, the structure of crystalline KPOj3; has only two sites for phosphorus atoms,
which makes the liquid crystallize to periodic structures much more easily than in the case
of sodium or lithium metaphosphate liquids; the crystalline structures of the latter have
three and five distinct sites for phosphorus, respectively. Hence, the similarities between
the structures of the liquid, glass and crystals of KPO3; account for the much more rapid
rate of crystallization, in comparison with the other alkali metaphosphate compositions.

The last type of amorphous structure occurs in chemically and geometrically ordered
structures caused by the kinetics of transition of the glass to form crystalline solids with
a similar structure. We have selected NaBO; to illustrate such structural diversity. A
sodium borate glass with that composition was obtained by melting and quenching a batch
of the stoichiometric mixture of reagent-grade Na,CO3 and B,O3 at 900 °C for 2 h. The
glassy sample of NaBO, was obtained by pressing part of the liquid between two metallic
plates in order to avoid spontaneous crystallization, whereas a crystalline sample, c-NaBOy,
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resulted from free cooling of the melt. Furthermore, the crystallized melt was submitted
to a recrystallization treatment at 850 °C for 24 h, giving rise to a new crystalline sample,
rc-NaBO, with an even greater crystallinity.

5 10 -15 -20 -25 -30 -35
*'P chemical shift at 9.4 T (ppm)

-
[—1

Figure 3. 3'P MAS NMR spectra of crystalline potassium metaphosphate, c-KPOs, and as quenched
from the melt vitreous sample, v-KPOj3;. Two main resonances appear at ca. —18 and —20 ppm,
attributed to the two crystallographic sites of phosphorus in c-KPOs, as well as in v-KPOs. Very
small signals are also visible at lower fields, —10 and 0 ppm; they are attributed to small amounts
pyrophosphate and orthophosphate species, respectively. Reprinted with permission from Ref [36].
2019, Elsevier. Experimental details for the acquisition of the 3'P MAS NMR spectra are given in [36].

An intermediate state of order of glasses exists in compounds in which NMR is able
to resolve not only coordination polyhedra but also local chemical environments for the
same coordination. Silicate and phosphate glasses consist of 5O, or POy tetrahedra; borate
glasses are considered anomalous because of their different electronic configuration. Boron
can only form three covalent bonds with oxygen through a sp? hybridization. The basic
building block in B,Oj3 glass is the BOj3 triangle [37]. Vitreous B,Oj is thus composed of
approximately the same amount of BOj3 triangles and the so-called boroxol rings, made up
of three BO;3 units. Furthermore, these two basic arrangements can also form superstruc-
tural units by linking two or more of them, e.g., triborate, pentaborate or dipentaborate.
The particularity of boron atoms is that it keeps a vacant p, orbital perpendicular to the
plane of the BOj; triangle; that orbital could be filled with electrons of the sp® lone-pair
orbital of an oxygen atom. This gives rise to the formation of a BO4 tetrahedron bonded to a
neighboring BO; triangle where a modifier oxide is added to the B,O3 network; the excess
negative charge over boron in four-fold coordination is compensated with the modifier
cations. As more modifier is added to the borate glass, the reticulation of the network
increases until no more BOj tetrahedra can be created, which is reflected as an anomaly in
the glass properties, producing critical points [38].

Unlike in silicate or phosphate glasses, the range of glass formation in alkali borate
glasses is very limited. It is only possible for contents of MO up to 30 to 40 mol.%, with the
exception of LiyO, for which 50 mol.% can be attained [38]. In the system Nay,O-B,03, glass
formation is possible up to 40 mol.% NayO without spontaneous crystallization. Therefore,
as with KPO3; metaphosphate, a melt of a 50Na, O-50B,03 metaborate composition readily
crystallizes upon cooling, developing NaBO; crystals with practically no remaining glassy
phase. However, one can induce a much faster quenching by rapidly pressing the liquid
between two metals and so obtain vitreous NaBO,. Figure 4a—c shows the ''B MAS NMR
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spectra at 18.8 T, displaying the structure of glassy sodium metaborate, sample v-NaBO,
and two crystallized samples as c-NaBO; and rc-NaBO;.

The spectrum of the v-NaBO, glass sample can be simulated by using three Voigt
curves as no quadrupolar profile was resolved. The numerical data are in agreement with
the available literature [37]. It has been common to attribute two BOj lines to boron atoms
in and out of boroxol rings. Other authors [39] assigned the resonances at ~15.4 ppm to BO3
symmetric sites, or boron atoms having three non-bridging oxygen atoms or three bridging
oxygen atoms. After transformation of the glass to a crystalline compound, the NaBO,
liquid should completely transform its structure to one dominated by rings of three linked
BOj3 units. Although the line shape of the boron resonances in three-fold coordination
for c-NaBO; and rc-NaBO, samples changes to one composed of narrower signals, their
spectra still show a very significant amount of boron atoms in tetrahedral coordination,
which should not appear in the pure crystalline phase according to the lattice model of
NaBO; refined from XRD data [40]. This model has a rhombohedral symmetry with space
group R3¢, with only a single site for B atoms [40], and the unit-cell parameters a = 11.925(1),
¢ = 6.439(1) A. The XRD patterns of the crystallized samples are very similar, except for
broad (413), (104), (024) and (351) maxima in the sample c-NaBO, and the presence of
2.15 wt.% NaBO;-2H, O (Figure 4d). A Rietveld refinement of cell parameters in the same
space group and using the CC = 34,645 file as reference for sample c-NaBO, resulted in
a=11.929(1), c = 6.4589(8) A, whereas sample rc-NaBO; gave a = 11.931(1), c = 6.4236(1)
A. Thus, no remarkable differences were found in our crystalline samples in comparison
with the lattice model from single-crystal XRD [40]. However, the !'B NMR spectra of
these crystallized samples (Figure 4b,c) reveal two sites in triangular coordination (B! and
By and one tetrahedral site for B atoms (B!). The same three signals were found in the
original glass structure of sample v-NaBO, (Figure 4a).

Clearly, the original structure of the NaBO; glass is mostly preserved in the crystallized
and recrystallized products, which have more spectroscopically distinct sites than the
crystallographically distinct ones expected from the available lattice model [40]. In other
words, the glass structure at the local scale is very close to that of the first crystal to be
formed, though lacking long-range order, and thus it is similar to its precursor melt. From
the point of view of XRD, the crystallization is seen as a sharp process in which diffraction
peaks abruptly appear. With the NMR technique, one can see the structural aspects that are
preserved during the transformation from glass to crystalline material, including the three
distinct boron atoms, B!, B! and VB!, It also shows the main changes occurring during
that transition, including a reduction in the width of the site distributions in the same
chemical environments and also a progressive release of the BO, groups with a prolonged
recrystallization of crystalline precursors.
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Figure 4. 1B MAS NMR spectra at 18.8 T of v-NaBO; glass sample (a), crystallized c-NaBO, (b), and
recrystallized rc-NaBO; (c). In (d) powder XRD patterns of samples c-NaBO, (green) and rc-NaBO,
(violet), with some (hkl) diffraction maxima from NaBO; in file CC = 34,645 (file pdf 32-14046), and
an impurity (with *) of NaBO,-2H;O. In (a) three Voigt curves, related to three boron atoms (B!, BI
and B™), are used to simulate the spectrum. In (b,c) quadrupolar profiles were inferred from the
experimental spectra for B! and B!, whereas Voigt curves were used to simulate B, The 'B MAS
NMR spectra were obtained as a result of pulses of 7t/2 at 150 ps and 4.96 W, v, = 16 kHz, at 18.8 T, in
a 2.5 mm rotor. See the numerical values of the deconvolutions in Table 3.
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Table 3. Deconvolution of the ''B spectra at 18.8 T in the three samples of NaBOj in Figure 4.

Samples Sites 8iso (ppm) c.g. (ppm) Cg (MHz) n Iw (ppm) A (%)
v-NaBO, B-BO; 17.7 2.4 16.7
BI-BO; 15.6 3.6 56.0
BY_BO, 14 1.7 30.3
c-NaBO, Bl-BO; 19.0 1.93 0.20 12.9
BI-BO; 17.0 1.97 0.92 66.7
BY-BO, 1.7 2.7 20.4
rc-NaBO, Bl-BO; 19.0 1.93 0.20 15.9
BY-BO; 17.0 1.97 0.92 72.8
BY-BO, 1.2 29 11.3

Note: the curves deconvoluted by a quadrupolar profile are described by using NMR parameters (i.e., diso, Cq
(MHz) and 1), whereas the curves deconvoluted with a Voigt curve (in all cases at xG/(1 — x)L = 0.7) are described
by the center of gravity c.g. and line width Iw.

4.2. Long-Range Homogeneously Disordered Structures

Long-range homogeneously disordered structures are typically found in mixed crys-
tals, i.e., solid-solution series, as non-stoichiometric compounds. This type of disordered
structure can also occur in fully stoichiometric compounds, as in the end-members of
these solid-solution series. There, the minerals have an exact, precise and fixed chemical
composition, expressed as a chemical formula with a small integer ratio among different
atoms. Note that these structures can also display a wide diversity of order—disorder
structural states. They are commonly described by means of the concept of “average
structure” because they are ideally supposed to be periodic crystals at the resolving power
of reciprocal space and electron microscopy techniques. However, these structures have
only pseudoperiodic structures as they are disordered at the long-range scale, i.e., they are
not strictly periodic despite Bragg peaks being resolved, as is frequently manifested by the
additional diffuse scattering.

“Real” aperiodic crystals have thus commonly been described as “ideal” periodic
crystals. This contrast between the true (local) symmetry and the modeled symmetry is
particularly evident in minerals with “anomalous” optical properties, where the word
“anomalous” actually means “unexpected”. The optical data “clash” with the external
symmetry of the crystalline volume with a euhedral shape, which has traditionally been
called a “crystal”, particularly before the emergence of X-ray crystallography and RSTs to
gauge the average symmetry. An idealized character and perfection are implicit in using
the term “crystal” for well-defined geometric morphological units, with a perception of the
lattice model as a “reality”, instead of being seen as just a useful and beautiful model. Ac-
cordingly, where some physical properties in a crystal do not match the expected symmetry
as determined by RSTs, these are deemed “anomalous”, rather than the supposedly ob-
served or experimentally determined symmetry. This phenomenon is known in particular
specimens of a given mineral species. Such specimens may be labeled “optically anomalous
crystals” [41]; the problem is thus ascribed to some poorly developed specimens. However,
crystals with “anomalous” optical properties are ubiquitous in nature [42], as anticipated
by Mallard in the 19th century [43].

We provide an explanation of the origin of anomalous optical properties in long-range
homogeneously disordered structures in minerals of the beryl-group minerals using NMR
data. This phenomenon is very common in that mineral group because the expected
symmetry dictated by the space group P63/mcc symmetry from RSTs data in beryl is rarely
found. Optical anomalies appear in the form of biaxiality in basal sections along the [001]
plane. This anomalous character has been explained by the presence of chemical impurities
or strain centers induced by chemical substitutions, as well as by defects occurring during
crystal growth [42,44,45]. Two different specimens of colorless beryl having powder XRD
patterns fully consistent with P63 /mcc symmetry are compared in Figure 5 and Table 4.
Specimen Elba is an alkali-poor sample with a chemical composition unusually close
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to the ideal chemical formula, which is rare in nature; the prisms are long and sharp,
with a hexagonal shape. Specimen Araguai is an alkali-rich sample; as such, it has a
non-stoichiometric chemical composition, as well as a markedly tabular habit.

Table 4. Chemical composition of the two specimens of the beryl-group minerals used in Figure 5.

Specimens Elba (Prismatic) Aracuai (Tabular)
5i0, 65.65 62.57
AlyO5 18.87 18.32
FeO 0.21 0.43
MnO 0.04 -
MgO 0.02 0.02
CaO 0.01 0.01
Na,O 0.10 1.27
K,O 0.01 0.03
Cs,0 0.09 3.62
BeO 13.5 115
Rb,O - -
Li,O 0.08 1.90
Total 98.58 99.67

Note: These chemical compositions in wt.% were determined by EMPA (in four points), except for BeO and Li, O,
which were established using Inductively Coupled Plasma-emission (ICP) spectrometry in a single aliquot for each
specimen. Samples were dissolved in diluted hot hydrochloric acid and elemental analyses were performed by
ICP spectrometry in a Thermo Jarrel Ash IRIS ADVANTAGE spectrometer. The experimental values obtained were
not recalculated to give a 100% value; “-”: below the detection limit or not detected; the estimated uncertainties in
the EMPA results are +1%, whereas in the ICP results are +2%.

The former has a single resonance in the 2’Si NMR spectrum at 9.4 T that can be
simulated with a single Lorentzian curve centered at —102.7 ppm and with a 1.4 ppm line
width. The T sites are occupied by the Si atoms in the six-membered rings of the hexagonal
structure of beryl. The six Si atoms in the formula Be3Al;SiO15 are close to being identical
from the NMR point of view, and the six-fold symmetry axis is thus fully explained by a
local P63 /mcc space-group symmetry. With additional atoms in the structure, such as Na,
Li and Cs located in the hexagonal channels, non-stoichiometry must ensue in alkali-rich
beryl. A much broader complex and asymmetric resonance appears at ca. —107 ppm,
with a much broader line width of ~3.6 ppm and a pseudo-Gaussian shape. In this case, a
single Si site in the six-membered rings does not exist on the local scale. In addition, the
hypothesized H,O molecules are actually OH groups, as revealed in 'H NMR spectra [46].
Alkali-rich beryl thus does not have a hexagonal symmetry at the local scale, but rather an
average hexagonal symmetry with a pseudosenary axis. The long-range P63 /mcc symmetry
becomes only an “ideal” but false model [5,46]. The prismatic hexagonal habit is lost, and
the tabular shape indicates a loss of the senary axis also at the macroscopic scale.

Quadrupolar nuclei were also very sensitive to small chemical changes from the stoi-
chiometric composition. Figure 6a,b show the total 2 Al STMAS NMR spectrum at 19.6 T
of the alkali-poor beryl (specimen Elba), with details about the 1/2, 3/2 and 5/2 transi-
tions in satellite lines as inset. Note the well-developed quadrupolar shape profile from
the first-order quadrupolar interaction, and the symmetric shape of the central transi-
tion. It corresponds to a single site for Al atoms in octahedral coordination as Al' with
c.g. (1/2) = —4.6 ppm and Iw = 2.5 ppm, c.g. (3/2) = —3.2 ppm and lw = 2.4 ppm, and
c.g. (6/2) = 0.1 ppm and Iw = 4.8 ppm. The estimated values of 6;5, and vq are —4.0 ppm
and 250 KHz, respectively. However, two additional sites, at a very low concentration,
are recorded in the spectrum as Al at c.g. = 12.3 ppm also in octahedral coordination,
and as Al at c.g. = 58.7 ppm from Al atoms in tetrahedral coordination with oxygen
atoms (Figure 6b). In specimen Araguai, Figure 6¢c,d display the same representation
of the 2 Al STMAS NMR spectrum at 19.6 T. However, the profile from the first-order
quadrupolar interaction is almost unrecognizable, the 1/2 central transition is now an
asymmetric curve, and the 5/2 transition is not so well developed as in the other specimen.
The same three sites for Al atoms, Al!, Al and AI'!, are resolved at approximately the
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same positions for the alkali-rich beryl. For Al!, c.g. (1/2) = —4.8 ppm and lw = 2.4 ppm,
c.g. (3/2) = =31 ppmand lw = 1.9 ppm, and c.g. (5/2) = 0.0 ppm and Iw = 6.0 ppm. The
estimated values of 6;5, and vg are —3.9 ppm and >250 KHz, respectively. An additional
site appears with c.g. = 32.9 ppm, corresponding to a coordination with five oxygen
atoms (Figure 6d).

Stoichiometric BERYL
specimen ELBA

_ ELBA 80 95 100 _ -105 110
(alkali-poor and prismatic habit) 2i’S| chemical shift (ppm) at9.4 T

Non-stoichiometric BERYL MM
specimen ARACUAI 9 _  -95 100  -105  —110
(alkali-rich and tabular habit) 29Sl chemlcal shift (ppm) at9.4 T

Figure 5. (a) P63/mcc space-group lattice model of the structure of beryl with hexagonal symmetry
and a chemical composition close to Be3Al,SigO1g projected onto the (001) plane. The Si atoms at
tetrahedral sites (blue) form six-membered rings; the Be atoms occupy one tetrahedral site (yellow)
connecting two Si rings to give Si in Q*(25i,2Be) environments, and the Al atoms occupy a single
octahedpral site [47]. (b) The same lattice model in an alkali-rich beryl along the same projection
but slightly tilted to show Na atoms in green and HyO molecules in red for the oxygen atom or
Cs atoms [48]. In this case, the Li atoms are at the Be site, and Na and Cs atoms are in channels at
the height of Si rings and Be—-Al layers, respectively. Oxygen atoms of H,O molecules in red are
supposed to be located between two Na atoms [49]. In addition, H;O molecules are thought to be
at the site of Cs atoms. (c) The 2Si MAS NMR spectrum of specimen Elba at 9.4 T shows a single
resonance that can be simulated with a Lorentzian curve (in blue) centered at —102.7 ppm and a line
width of 1.4 ppm. (d) The 2°Si spectrum of specimen Araguai at 9.4 T shows a much broad resonance,
compared to that of specimen Elba (blue), centered at ca. —102 ppm and a line width of 3.6 ppm. The
experimental conditions for the acquisition of the 2’Si MAS NMR spectra at 9.4 T, at v, = 10 kHz in a
4 mm rotor, are similar to those used for alkali feldspars [4].
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Figure 6. The 2/ Al NMR MAS spectra at 19.6 T of beryl-group minerals. (a,b) Specimen Elba or
alkali-poor beryl shows a well-developed quadrupolar shape in the STMAS profile, with the shape of
the central transition 1/2 (green and inset up to the right) and the other two transitions 5/2 (red) and
3/2 (blue) in a satellite line as inset up to the left. Three Al sites, AL, A" and AI™, are resolved in (b).
(c,d) Specimen Aracuai or alkali-rich beryl does not have a defined quadrupolar shape in the STMAS

1LV site (see

profile, with the same transitions and the same three Al sites, but also an additional A
explanations in text). Experimental conditions: v, = 10 kHz, using a 1.0 us excitation pulse, 4 mm

rotor, recycling delay 5 s.
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At 19.6 T, the ?Be spectrum of the alkali-poor beryl has a well-developed quadrupolar
profile in the STMAS spectrum (Figure 7a), whereas in the alkali-rich beryl, this profile is par-
tially lost (Figure 7d). In specimen Elba, the spectrum (Figure 7b) can be simulated with two
sites for Be atoms, Be! with a Lorentzian curve at c.g. = —3.4 ppm and Iw = 1.6 ppm with
98.1 % area, and Be!! also with a Lorentzian curve with c.g. = —7.5 ppm and Iw = 1.3 ppm
with 1.9 % area. Whereas in specimen Araguai, the spectrum (Figure 7d) can be simu-
lated with two sites for Be atoms, Be! with a Lorentzian curve at c.g. = —3.4 ppm and
lw = 1.1 ppm with 98.8 % area, and Be'! also with a Lorentzian curve with c.g. = —7.4 ppm
and lw = 0.9 ppm with 1.2 % area. In the two cases, the satellite 3/2 resonances are only
detected for site Be! (Figure 7c,f), but they are narrower in the alkali-poor beryl.

These results indicate that profound structural differences exist at the local scale be-
tween the end-members and intermediate members of the solid-solution series in minerals,
although their average symmetry is similar. Note that most common minerals are non-
stoichiometric compounds, and the deviations of the chemical stoichiometry are seen as
imperfections, defects and impurities from an a priori expected “ideal” model. The per-
spective of this work is to study the structural diversity as it occurs in nature, and not as
predicted by axiomatic models developed by other experimental techniques.

Three different classes of long-range homogeneously disordered structures can be
distinguished: random structures, Loewenstein structures and charge-dispersed structures.
These may appear both in non-stoichiometric and fully stoichiometric compounds, as
resolved by well-defined characteristics in the NMR spectra. In other words, stoichiometry
alone does not guarantee a perfect atomic order. It is a necessary condition, but it is not a
sufficient one.

Random structures that have a random distribution of atoms at a certain lattice site do
have charge restrictions only in relation to the first-coordination sphere (i.e., coordination
polyhedra). However, they have regular structural motifs along the three dimensions,
giving rise to diffraction peaks. They do not have charge restrictions in the second sphere of
coordination, and very commonly give rise to a high symmetry, for instance in Ca;_SrxF,
mixed crystals. In this case, five chemical environments around F atoms are formed:
(4Ca,0Sr), (3Ca,1Sr), (2Ca,2Sr), (1Ca,3Sr) and (0CaA4Sr), with different chemical shifts for
each chemical environment in 1F NMR spectra [50]. The line intensities of each component
along the solid solution indicate a random Ca-Sr distribution [50]. This variation is recorded
by XRD as an increase in the lattice constant from 5.46 A t05.81 A in the Fm-3m lattice [50].

A similar random character at the T sites occupied by Si and Al atoms has been found
in the faujasite solid-solution, a zeolite-group mineral with a Q* framework structure and
Fd3 or Fd3m space-group symmetry. Here, Loewenstein’s rule is not respected, as in a
random distribution, and Al-O-Al bonds are formed depending only on the Al:Si ratio of
the chemical formula [51]. In a random crystalline structure, the degree of order is related
only to electrostatic forces between atoms, which are mostly limited to the first coordination
sphere [51]. In addition, a random distribution of charges has been found in the synthetic
and stoichiometric compound CaAl,SiOy, or the gehlenite end-member of the melilite
solid-solution series [52]. Thus, random structures are common in both stoichiometric and
non-stoichiometric compounds of the solid state.

In the second category, Loewenstein structures are typically silicates, aluminates and
aluminosilicates that have a Loewenstein’s state of order; AI3*—O-AI3* bonds are avoided
because of non-random distributions of aluminum atoms in tetrahedral sites occupied also
by silicon atoms. They show certain restrictions in the position of charges that are not
easy to explain by considering only the Pauling electrostatic valence rule [53]. In these
structures, bonds with alkali atoms (A*) as A*/AI3*-O-Si** and alkaline earth atoms
(A%*) as AIP*—O-Si** /AZ* / AIP*—O-Si** for the local compensation of electrical charges
are formed preferentially. This phenomenon is particularly well known in the study of the
Si,Al distributions in aluminosilicates with Q* and Q* configurations. The NMR spectra
can identify TOy tetrahedra with Si and Al atoms in Q3. (3-nSi,nAl) Si,Al distribution
in phyllosilicates and Q4 (3-nSinAl) Si,Al distributions in tectosilicates. Correlation
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experiments are useful to detect not only atomic configurations of the first sphere of
coordination, but also changes in the position of resonances with the atomic environments
in the second sphere of coordination. Loewenstein structures occur in S-spodumene and
B-eucryptite solid-solution series in the system LAS (Lij_yAl;_4SijxO4 for 0 < x <1 from
LiAlISiO4 to SiO;) for a wide compositional range [22,54]. This includes some stoichiometric
compounds such as LiAlSi3Og with a Si:Al ratio of 3:1 like in alkali feldspar but with the
B-spodumene structure [22].
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Figure 7. The ?Be NMR MAS spectra at 19.6 T of beryl-group minerals, obtained using a 3.2 mm rotor,
vy = 10 kHz. (a—c) Specimen Elba or alkali-poor beryl shows a well-developed quadrupolar shape in
the STMAS profile, with the shape of the central transition 1/2, green in (b), and the transition 3/2 red
in (c). Two sites for Be atoms are resolved, Be! and Bell in (b). (d—f) Specimen Aracuai or alkali-rich
beryl has a less defined quadrupolar shape in the STMAS profile, with the same transitions and the
same sites for Be atoms (see explanations in text). Experimental conditions: spin rate v, = 10 kHz,
using a 1.0 us excitation pulse, 4 mm rotor, recycling delay 10 s.
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Third, charge-dispersed structures are formed in compounds with some additional
charge restriction where long-range charge interactions are involved, for instance between
tetrahedrally coordinated 3+ and 4+ cations in aluminosilicates. In this case, site occu-
pancies are restricted not only to the second coordination sphere but also at much greater
distances. This phenomenon has been studied in detail in non-stoichiometric compounds
such as micas, where two alternative Si,Al distributions have been studied in the layers of
tetrahedra Q2 in relation to the dispersion of Al atoms [55,56]. These two models have been
called “maximum dispersion of charges” (MDC model) and “homogeneous dispersion of
charges” (HDC model). The MDC model is consistent with the Dempsey’s rule of avoid-
ance (or minimization) of Al-O-5i—O-Al linkages for a given Si:Al ratio, i.e., assuming a
larger separation between Al atoms than in the case of Loewenstein’s rule, as developed in
the Q* framework of zeolites [57]. In the HDC model, the dispersion of Al atoms is higher
than with Al-O-Al avoidance, but lower than total avoidance of Al-O-5i-O-Al linkages.
This occurs in micas, where the number of Al atoms per six-membered T rings is close to
that expected from the Si:Al ratio in the chemical formula [56]. In all these cases, a perfect
periodicity or full order at the long-range scale does not exist; the dispersion of charges
cannot give rise to constant atomic schemes that spread along the three dimensions to give
rise to a fully ordered structure.

The phenomenon of charge dispersion has also been invoked in “valencianite”, which
has a formula close to KAISi3Og stoichiometry (i.e., the end-member composition of the
alkali feldspar solid-solution series) and the Q* tectosilicate structure of the K-feldspars.
Specimen AGM from the Valenciana mine in Guanajuato, Mexico [4] is from the collec-
tion of the Museo Nacional de Ciencias Naturales (MNCN, CSIC). It was investigated
by Andrés del Rio and A. von Humboldt at the beginning of the 19th century. The ag-
gregate of several large crystals up to ~3 cm displays the well-known “curved faces”
and a pearly luster that greatly resembles dolomite crystals (Figure 8). Some features
had already been described and analyzed by Breithaupt in 1830 [58]. The specimen
has a composition Org75Ab; 5 and cell dimensions similar to those of disordered sani-
dine: a =8.594(1), b = 13.024(1), ¢ = 7.177(1) A. However, its symmetry is triclinic, with
a =90.06(1), B =116.07(1), ¥ = 89.74(1)° (Rietveld refinement) [4]. Figure 9 shows some
details of the XRD pattern of specimen AGM in comparison with other specimens used in
this work.

Specimen AGM

Figure 8. Left, specimen AGM, “valencianite” from Mina Valenciana, Guanajuato, México, in Museo
Nacional de Ciencias Naturales (MNCN-CSIC). Right, electron-diffraction pattern along the [001]
zone axis, showing the round shape of the diffraction spots. Diffuse scattering, typical of both
orthoclase and (intermediate or strained) microcline, is absent, despite of chemical disorder. The
electron-diffraction pattern was obtained with a JEOL 4000EX instrument at 400 kV.
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Figure 9. Powder XRD patterns of four specimens of K-rich feldspar between 20 and 32° 26 (CuKx,
radiation) are shown with (hkl) values of the main Bragg diffraction maxima. Insets show the regions
in which the (130)-(130) peak splitting between 23.3 and 23.7° 20 can appear, and the (131)—(131)
peak splitting between 29.6 and 30.0° 26. (a) Specimen K-713r (Or100) is an ion-exchanged sample
using the Eifel sanidine (Germany) as a starting material (see [4] for details), with (hkl) values in
green, corresponding to the sanidine mineral species with C2/m symmetry, as in the precursor, and
additional peaks (*) from the KBr salt used in the ion-exchange experiment. (b) Specimen ASGS
(Orgp.6Abg 4) from St. Gotthard (Switzerland) has an X-ray pattern typical of orthoclase. (c) Specimen
1123 (Orgp gAby ) from Valais (Switzerland) has an X-ray pattern mainly consistent with that of
orthoclase, i.e., without peak splitting in most of the (hkl), (hk0) and (0kl) maxima, but with a broad
(130) peak and a heterogeneous character with visible peak splitting in the (131)-(131), consistent with
a triclinic character as in the K-feldspar variety called “X-ray intermediate microcline”. Incipiently
exsolved Na-feldspar is detected by the (002) peak in red. (d) Specimen AGM (Org75Ab;5) from
Guanajuato (Mexico) has an X-ray pattern distinct from the previous mineral species; it corresponds
to “valencianite”, which shows (hkl) peaks in blue with incipient peak splitting, in comparison with
those in “X-ray low microcline”. The experimental details of XRD patterns are in [4].

However, some of the modern specimens collected at the same mine are not strictly
“valencianite” as described here in specimen AGM, but common idiomorphic K-feldspar
with an adularia Felsobanya habit, composed of a mixture of orthoclase and microcline at
the optical and X-ray scales [59]. It seems that our specimen is a product of hydrothermal
crystallization at lower temperatures and not the result of a monoclinic-to-triclinic transition
from a precursor having monoclinic symmetry. Specimen AGM has a disordered and
triclinic structure, which is different of that disordered structure quenched in sanidine
crystals that crystallized at high temperatures from volcanic rocks. Electron-diffraction
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patterns of specimen AGM show diffraction maxima with a very regular round shape
and without any diffuse scattering (Figure 8), but its NMR spectra indicate a disordered
structure in comparison with the low microcline end-member of the order-disorder series
(see below). Hence, it is important to note that chemical disorder may not give rise to
diffuse scattering, and thus go unnoticed by RSTs.

Figure 10 and Table 5 show the NMR spectra and their parameters from spectral
simulation for “valencianite” using specimen AGM. Most of the area of the 2’Si spectrum
(Figure 10a) can be simulated with four broad components of ca. 2.30 ppm line width at
—101.4 ppm, —100.04 ppm, —97.41 ppm, and —94.95 ppm, caused by the four tetrahedra
Tom (2Si,2Al), T,O (35i,1Al), Tym (35Si,1Al) and T;O (3Si,1Al) sites, respectively. The site
occupancies of the Si atoms and the chemical shifts are very close to those of microcline,
where these components have a line width of ~ 1 ppm. If we compare this spectrum
with that of sanidine with a similar composition and with a Si,Al distribution that follows
Loewenstein’s rule, we infer that in “valencianite”, the (4Si,0Al), (25i,2Al), (1Si,3Al) and
(0Si,4Al) are virtually absent (except for Tom site with a (25i,2Al) environment), i.e., having
a strong dispersion of charges at long distances to give rise to chemical environments
mainly close to the Si:Al ratio of 3:1, existing in the stoichiometric chemical formula. This
structure is thus compatible with medium-range order in which only one Al atom occurs
per each four-membered ring in the structure, to give rise to “ ... 1-1-1-1... ” chains [4].
One can interpret these results as originating from a structure in which electrical charges
are homogeneously distributed, in a way similar to the Si,Al distribution in the layer of
tetrahedra in micas, where the number of chemical environments must be strongly reduced
but strict periodicity is not yet attained due to disorder [55,56].

Figure 11 exhibits the 2’ Al satellite-transition magic-angle (sample) spinning (STMAS)
NMR and the 2 Al multi-quantum magic-angle spinning (MQMAS) NMR at 19.6 T of “va-
lencianite” in comparison with those from the three accepted mineral species of K-feldspars
by IMA, i.e., sanidine, orthoclase and microcline. The 27 A1 STMAS spectrum of “valencian-
ite” is closer to sanidine than to the other two mineral species, since it does not have a clear
quadrupolar profile from the first-order quadrupolar interaction (Figure 11a). The %/ Al
MQMAS NMR spectrum of “valencianite” differs from those of the orthoclase and sani-
dine, because the distributions in the chemical shift and in the second-order quadrupolar
interaction (i.e., the site distributions) for the Al sites are narrower than in the two minerals
with a monoclinic symmetry by RSTs. However, it is definitely much larger than in the
specimen of microcline, actually the “X-ray microcline” variant.

“Valencianite” has an X-ray diffraction pattern with cell angles that can be interpreted
as obeying C1 symmetry in the triclinic system, and thus corresponding to “microcline”, i.e.,
one of the IMA-approved species, with a low obliquity as found in the “X-ray intermediate
microcline” variety. However, the cell dimensions of “valencianite” are similar to those
of sanidine, also an IMA-approved species. The NMR spectra of “valencianite”, with a
disordered Si,Al distribution but with a remarkable dispersion of charges as in orthoclase,
are definitely different from those of the three IMA-approved species of K-feldspar. The
case of “valencianite” thus opens the possibility to define mineral species using NMR
spectra as the defining experimental data of reference, if local structure can be considered
the better criterion in this case to distinguish the species instead of only stoichiometric
composition.
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Figure 10. The MAS NMR spectra of “valencianite” KAISi3Og (Orgy 5Ab; 5) in specimen AGM, exp
are the experimental spectra and sim are the simulated spectra, indicating the line positions of the
resolved two or four T framework tetrahedral sites for Al and Si atoms, as well as two M cavity sites
for K and Na atoms.: (a) the °Si at 9.4 T, for T;O and Tym sites as dotted curves, ToO and Tom sites
as dashed curves; (b) the 27 Al at 35.2 T, for T site in dotted curve, and T, site in dashed curve; (c) 3K
at 19.6 T for M site in dotted curve, and Mj site in dashed curve, and (d) 2Na at 19.6 T for M; site in
dotted curve, and M, site in dashed curve. The simulated area in the 29gj spectrum is ca. 86% of the
total signal, and additional signals could be located at —91.6 ppm (~6.7%) and —104.4 ppm (~7.7%).
The asterisk (*) indicates the resonance from quartz SiO, at—107.1 ppm. The c.g. of the 2’ Al spectrum
is at 62.1 ppm. See explanations in text and Table 5 for the deconvolution of the signals. The details
of the experimental procedure for (a), (b,d) are given in [4]; for the 27A1 spectrum at 35.2 T in (c), see
Figure 1.
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Table 5. NMR parameters from spectral simulations of the NMR spectra of specimen AGM with a
“valencianite” structure (Figure 10).

298iat9.4 T T;0 (35i,1AD) Tym (3Si, 1A1) T,0 (35i, 1Al) T,m (2Si, 2A1)
5 (ppm) —101.44 —100.04 —97.41 —94.95
Lw (ppm) 24 2.3 2.3 2.3
A (Area %) 23.8 25.6 25.6 25.0
27Alat352T T: T,
diso/c.g. (ppm) 61.1 63.5
Lw (ppm) 29 29
A (Area %) 55.6 44.4
¥Kat19.6 T M; M,
diso/c.g. (ppm) —65.2 —98.6
Em (ppm) 50 72
Cq (MHz) 2.15 -
n 0.65 -
A (Area %) 56.6 43.4
BNaat19.6 T M; M,
diso/c.g. (ppm) —-21.9 —-21.0
Em (ppm) 80 6.8
Co (MHz) 2.05 -
Ul 0.65 -
A (Area %) 53.0 47.0
(@196T
STMAS K-713r AGM 1123 9544
(0] f,wAbo,o orstsAbz,s Orsz.aAbv.z Ol’g, aAbs.z
SANIDINE VALENCIANITE ORTHOCLASE

-

—2000 —1000 0
A1 STMAS NMR (ppm)

(0)19.6

T T T T T
1000 2000 -2000 -1000 0

1000 2000
Al STMAS NMR (ppm)

-2000 -1000 0
A1 STMAS NMR (ppm)

1000 2000 -2000 -1000 0O

1000 2000
“AI STMAS NMR (ppm)

T k713r AGM 1123 9544
°r1ooAbn,o 0r57.5AbZ 5 orSZ.BAb'I 2 OrNHAbS 2
MQMAS SANIDINE VALENCIANITE ORTHOCLASE MICROCLINE

o
=]

Fiso (ppm)
&

-]
o

o
o

o
a

-]
o

-]
a

70k

65 60 55
F2 (ppm)

\ﬁ (ppm)

-
o

-~
o

50

65 60 55
F2 (ppm)

o
o

Fiso (ppm)
o
o

70Baat

[
o

Fiso (ppm)
&

o
(=]

65)

65 60 55
F2 (ppm)

B 60 5
F2 (ppm)

Figure 11. The Al STMAS NMR (a) and %’ Al MQMAS NMR (b) at 19.6 T of sanidine in speci-
men K-713r OrjgpAbyg o, “valencianite” in specimen AGM Orgy 5Ab, 5, orthoclase in specimen 1123
Org gAby 5, and (low) microcline in specimen 9544 Orgq gAbs ». In the MOQMAS, the MAS spectra are
on top as a projection the F2 axis, and the one-dimension spectra are at the right side as a projection
on the Fiso isotropic dimension, where the second-order quadrupolar broadening effects are consid-
erably attenuated. The red cross is the position of the site for Al atoms in T;O (45i,0Al) in the fully
ordered microcline from NMR or the “X-ray low microcline” variant by RSTs.

4.3. Heterogeneous Structures at the Mesoscale

In the late 19th century, Ernest Mallard [43] attempted to explain anomalous optical
phenomena in crystalline substances using optical microscopy data. He focused on minerals
composed of an intimate intergrowth of coherent lamellae of the same composition but
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with different orientations, as well as minerals containing lamellae of a different chemical
compound. His explanations were later largely ignored by X-ray crystallographers, who
were convinced that the technology they employed had a higher resolution than optical
microscopy. Reciprocal space techniques thus have traditionally been used to obtain
average structures in minerals that were interpreted to be “single crystals” but with a
heterogeneous character.

It was more or less contemporaneously revealed by electron microscopy and electron
diffraction that these minerals were actually formed by structural or chemical hetero-
geneities (or both) at the mesoscale (i.e., <50 nm). Mallard’s hypothesis was revisited
more than 75 years later, in the 1960s and 1970s by Fritz Laves in his study of feldspars by
XRD [60-65]. It was again discussed by Bambauer et al. [66]. Nowadays, depending on
the size scale and character of the coexisting domains and the nature of their wall bound-
aries, three different solids are recognized: aperiodically modulated “tweed” structures,
composite periodically modulated structures, and fine coherent intergrowths of two phases.

The aperiodically modulated “tweed” structures have gradual and diffuse wall boundaries
between distinct structural units or modules. The structure is transformed (modulated)
along two approximately orthogonal waves, in most cases without strict periodicity, as
irregularly shaped and spaced waves with different of amplitudes. This transitional
behavior gives rise to gradual changes between ill-defined modules or domains with a
similar average chemical composition and degree of local order, but with different relative
orientations. Domains with sharp walls and regular separation cannot be invoked in this
case. This kind of modulation can cause twin domains, i.e., modules with sharp boundaries
related by symmetry operations. It is found in many solids including metallic alloys [67],
ceramic superconductors [68] and minerals such as cordierite [69]. In K-feldspars, the
tweed pattern occurs in most cases as an aperiodically modulated structure in common
orthoclase, although it has occasionally also been found with a commensurate modulated
structure [70].

Since the proposal of Barth in 1934 [71], orthoclase is accepted by IMA as a mineral
species of the K-feldspar group, and thus different from sanidine and microcline. Barth
suggested that sanidine, orthoclase and microcline are different species because they differ
in degree of order in their Si,Al distribution. Sanidine and orthoclase have a monoclinic
symmetry with Si,Al disorder at two T sites, and microcline has a triclinic symmetry, with
5i,Al order at four T sites. The interpretation of orthoclase as the result of microcline
lamellae with different sizes, shapes and orientations, i.e., the Mallard’s hypothesis, was
again proposed to explain diffuse (scattering) streaks in X-ray photographs [60]. The
heated debate about the nature of orthoclase reflected the differences in resolution of the
experimental techniques and the structural and microstructural diversity among specimens
with a similar X-ray pattern.

With additional research, the X-ray symmetry of orthoclase is now described with
three contrasting models: average structure, overall structure and apparent structure. The
“average structure” model involves a C2/m monoclinic symmetry and suggests that if
a local deviation from monoclinic symmetry exists, it is probably very small [72], i.e.,
following the Barth’s hypothesis. The “overall structure” model suggests an alternation
of partially ordered domains that retain an overall monoclinic symmetry to X-rays [73].
With these two models, one assumes that the weakness of the diffuse streaks is a minor
or accessory effect in comparison to the concentrated intensity in the Bragg spots. The
structure is considered monoclinic from an average or overall perspective, and one ignores
or avoids the question whether the reciprocal space techniques have sufficient power
to resolve the real structure. The third model (“apparent structure”) derives from the
observation of the appearance of orthoclase in its geological context, almost invariably
with microcline rather than with sanidine. With the apparent structure explanation, one
describes orthoclase as a material that deviates from truly monoclinic sanidine but appears
to be monoclinic because of triclinic domains too small to be resolved by optical microscopy
or even by XRD experiments. Such domains are related to each other by the Albite (A) and
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Pericline (P) twin laws, i.e., the symmetry elements lost during the monoclinic-to-triclinic
transition [63].

The domain texture with tweed contrast was finally resolved in orthoclase by transmis-
sion electron microscopy (TEM). Orthogonal diffuse streaks were observed in selected-area
diffraction (SAED) patterns, and interpreted following various approaches: as a monoclinic
lattice that is homogeneously perturbed by two orthogonal transverse distortion wave
systems [74]; as a domain texture composed of triclinic domains in a cross-hatch pattern
similar to microcline at the optical scale, reflecting a combination of Albite and Pericline
twinning [75]; as a partially ordered structure with lattice modulations with changes in
the structural obliquity (i.e., departures from orthogonality) and an average triclinic sym-
metry [76]. High-resolution electron microscopy and 2’Si NMR experiments combine to
indicate a triclinic structure at the local scale similar to that of microcline, but having only a
partially ordered Si,Al distribution [77].

The above explanations generally imply a transformation mechanism in which the
process takes places by coarsening of the ill-defined (wave) domain into twin domains
via independent and unrelated atomic adjustments. However, recent observations in K-
rich feldspars from granitic pegmatites [78,79] indicate that the tweed microstructure of
orthoclase cannot be explained by a random nucleation-and-growth process, i.e., by an
atom-by-atom diffusion process of independent atomic units from a monoclinic (sanidine)
precursor. Actually, the development of modules as fine tweed domains or large twin
lamellae occurs from avalanche-like orthogonal recrystallization units or long-distance
transformation waves in the solid state. The propagation of these ordering events from
strain centers throughout the mineral structure occurs by cooperative motions of many
atoms following mainly the rational directions of the Albite and Pericline twin laws, as
well as other irrational directions [78,79]. This process produces mainly four types of
lamellar intersections as crossovers between these units, giving rise to negative or positive
interference effects. These recrystallization units can be observed at the sub-optic scale
in orthoclase and at the optic scale in microcline and are formed on cooling during the
monoclinic C2/m to triclinic C1 transition, giving rise to complex twin patterns in which
regularity can be explained by a self-organization phenomenon [78,79].

Figure 12 shows the SAED patterns and high-resolution TEM image of specimen ASGS
of orthoclase with variable degrees of transformation to microcline. This specimen has
an X-ray pattern fully consistent with C2/m monoclinic symmetry (Figure 9b); it has a
SAED pattern with well-developed diffuse streaks instead of diffraction spots from Bragg
peaks, particularly along the [001] zone axis (Figure 12a), as described by McConnell [74].
It corresponds to a homogeneous tweed pattern of low amplitude or to recrystallization
units of low intensity in direct-space observations, as shown in Figure 12b.

Specimen 5963, with an XRD pattern similar to that of specimen 1123 (Figure 9c),
i.e., with detection of some triclinic domains, has an SAED pattern similar to that of
specimen ASGS, but with detectable splitting of spots at high (hkl) values, particularly at
the Pericline orientation, as shown in Figure 13a for the (480) diffraction maximum [77,79].
It corresponds to a tweed microstructure with a remarkably heterogeneous character, with
fine tweed changing gradually to a coarser tweed, and diverse amplitude revealed from
a variety of contrasts in a gray scale between bright and dark, as shown in Figure 13b. If
the coarse tweed is observed in detail, a regular microstructure with a sharper contrast
than conventional tweed can be found, as in the inset of Figure 13b. This pattern can
be explained as high-amplitude modulations in the form of orthogonal avalanche-like
transformation units along the Albite and Pericline twin-laws, as +A, —A, +P and —P
variants and their different crossovers. These units are very similar to those patterns found
at the optical scale in K-feldspar from pegmatites (see details in optical micrographs and
explanations about the terminology in [79]).

Thus, many specimens with an orthoclase X-ray pattern, in some cases with evidence
of partial and incipient recrystallization to microcline, actually have very heterogeneous
microstructures at the mesoscale and do not have a single structural state nor symmetry.
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Several degrees of transformation coexist intimately side by side. Ordered microcline do-
mains form mainly at crossovers produced by the intersection of transformation avalanches
with a positive interference, as in the case of +A/+P and —A/—P crossovers, giving rise to
the microstructure shown in the inset of Figure 13b. In perthitic orthoclase from pegmatites,
large and intense avalanches are triggered from the internal interfaces with other minerals,
and they typically spread mainly from albite veins or stress centers at end points of albite
domains with diamond shapes [79], giving rise to twins. However, in unexsolved ortho-
clase (i.e., in most samples of adularia or hydrothermally crystallized euhedral minerals),
a similar pattern of tweed microstructure is produced mainly by multiple but weaker
avalanches generated by a process of homogeneous nucleation.

High-resolution TEM images from specimen 1123 have provided additional under-
standing of the local structure in minerals with the tweed pattern. This specimen has an
X-ray pattern mainly consistent with orthoclase (see hkl positions in green in Figure 9c); it is
very heterogeneous, however, and shows an incipient transition to microcline, as detected
in the (131) region only (blue peaks in Figure 9c). The 2 Al STMAS NMR and % Al MQ-
MAS NMR spectra of this specimen (Figure 11) show a wide distribution in the chemical
shift and also in both first- and second-order quadrupolar interactions for Al atoms in a
tetrahedral coordination. These spectra are similar to those of sanidine, but different from
“valencianite”, and far from the well-defined single site in (low) microcline. Figure 14a
shows the border of a euhedral particle along the [001] zone axis with high-resolution TEM;
a fine contrast was resolved at high-magnification conditions (Figure 14b). The bright dots
can be correlated with structural channels along this direction, because their geometrical
configuration is the same as the projected configuration of heavy atoms delimiting those
channels in an ideal monoclinic lattice (Figure 14c). Note that the 7* is close to 90° and
that the b unit-cell dimension is ~1.3 nm, whereas a’ ~ 0.85 x sin 116° is roughly 0.77 nm
(Figure 14b). However, the symmetrical distribution of channels in the experimental image
does not correspond with that in the lattice monoclinic model (Figure 11c).

-

[001] zone axis

» - -

Figure 12. (a) An SAED pattern and (b) a TEM image at high resolution along the [001] zone
axis of orthoclase specimen ASGS, show diffuse streaks instead of diffraction spots and the tweed
modulation with a low amplitude. The electron-diffraction patterns and the electron-microscopy
images were obtained with a JEOL 4000EX instrument at 400 kV [77].
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Figure 13. (a) An SAED pattern and (b) a TEM image of specimen 5963 at low resolution along the
[001] zone axis shows diffuse streaks at diffraction spots and also spot-splitting at high values of (hkl),
as for instance with (480). The inset in (b) is a high-magnification image of the low-resolution tweed
pattern; it shows crossovers as bright dots at the point of intersection between units. The electron-
diffraction patterns and the electron-microscopy images were obtained in a JEOL 4000EX instrument
at 400 kV [77]. Reprinted with permission from Ref. [79]. 2012, The Canadian Mineralogist.
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Figure 14. (a) High-resolution electron-microscopy image along the [001] zone axis in specimen 1123,
with bright dots from different types of T rings. (b) High-resolution and high-magnification digital
image from the upper right region of (a); three types of structural channels are marked with colors, as
well as the 2 and b dimensions (see explanation in text), compared to the channels expected in the
monoclinic lattice model in (c) by using XRD data from [72]. The K atoms are shown in red, T; sites
in green, T sites in dark blue, oxygen atoms in Al site in pink, in A2 in orange, the rest in yellow.
The electron-diffraction patterns and the electron-microscopy images were obtained with a JEOL
4000EX instrument at 400 kV, as explained in detail in [77].

In the monoclinic lattice, three different types of channels are marked: in red, the
pseudohexagonal channel defined by a six-membered T ring, where the “m” mirror plane
and the “2” binary axis cross at the center of symmetry; in turquoise, the rhombic channels
related by the 2-fold (binary) axis (vertical), and in yellow, the channels formed by the
well-known four-membered T rings of the structure, with two T; sites and two T} sites,
related by the mirror plane (horizontal). However, the yellow channels seem to be absent
in the experimental image, and they are shown in white (Figure 14b) as the 2-fold axis
seems to be absent. Thus, the v* angle is perhaps close to 90°, but at the local scale, the
mirror plane and binary axis may not be present. Note that in a disordered structure such
as sanidine or “valencianite”, an average of one Al atom occurs per each four-membered
ring, whereas if an order similar to microcline exists in the structure, rings with two Al
atoms alternate, with the rings having 0 Al atoms [47]. Thus, similar rings will give rise to
a similar contrast in images generated in electron microscopy, which is clearly not the case
for the four-membered rings in Figure 14b.

All of these data suggest that the conventional description of orthoclase, as a crystal in
terms of an idealized regular and periodic lattice or a perturbed lattice with a C2/m mono-
clinic (average or overall) symmetry, is really far from the experimental SAED patterns and
TEM images. Here, we suggest that orthoclase is actually a mineral with a highly dynamic
crystalline medium, whose behavior gives rise to very heterogeneous microstructures at
the mesoscale; it has pseudoperiodicity only at the local scale.

The first NMR experiments at low magnetic fields [80], and later at medium magnetic
fields [77], showed that orthoclase with a tweed microstructure is consistent with an average
local geometry similar to that of microcline. Additional 2’Si NMR spectra at 9.4 T and %/ Al
NMR spectra at 19.6 T have shown that the disordered Si,Al distribution over four T sites in
orthoclase indicates that the structure is not strictly periodic, but a pseudotriclinic structure
only at the long-range scale [4]. In addition, Loewenstein’s rule is respected, and local
compensation of charges occurs by polyatomic arrangements involving Al and K atoms in
well-defined configurations at the medium-range scale [4]. However, a model that only
considers Loewenstein’s rule to explain the order—disorder of the Si,Al+K distribution is
not sufficient to reproduce the experimental 2°Si and 2’ Al NMR spectra.
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Here, we study the order—disorder state of orthoclase specimen ASGS by interpreting
experimental 2°Si spectra at 9.4 T and %’ Al spectra at 35.2 T (Figure 15). This specimen,
from the collection of the Museo Nacional de Ciencias Naturales (MNCN, CSIC), is from
Saint Gotthard (Switzerland) and of historical importance. It consists of an aggregate of
several large euhedral crystals up to ~5 cm across with sharp, planar faces, labeled as
adularia with the Felsobanya habit. Our specimen of Orgg ¢Abg 4 composition (EMPA) has
an average monoclinic symmetry and C2/m space group from powder XDR patterns, with
cell dimensions similar to those of other orthoclase specimens: a = 8.562(1), b = 12.984(1),
c=7208 (1) A, a = =90°, B = 116.01(1)° (Rietveld refinement). We have produced
an orthoclase specimen with pure Orjgp composition by ion-exchange experiments with
molten KBr at 825 °C for 30 h to produce specimen K-ASGS with a = 8.567(1), b = 12.974(1),
c=7212(1) A, x =y =90°, B =116.02(1)° (Rietveld refinement). No remarkable structural
changes are observed in the specimen by XRD after the chemical treatment.
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Figure 15. (a) The 2°Si MAS NMR spectra at 9.4 T of specimens ASGS and K-ASGS with two
simulations, sim L (Loewenstein restriction) and sim L+CD when additional charge dispersion (CD)
is also considered, with four signals from the tour T sites in the C1 space-group symmetry. The
resonances of the simulation that do not appear in the experimental spectra are indicated by *. (b) The
27 Al spectrum of specimen K-ASGS and the simulated spectrum using the same restrictions as in the
295 spectrum (see explanation in text). The four Voigt curves for xG/(1 — x)L = 0.7 correspond to the
four T sites of the CT space-group symmetry. The experimental procedure for the 27 Al spectrum at
35.2 T is as in Figure 1; for the s spectrum is as in ref [4].

The ?°Si NMR spectra of specimens ASGS and K-ASGS are almost identical; they
can be interpreted as a 5i,Al distribution in which Loewenstein’s rule is obeyed, as is also
the case in specimen 1123 [4]. However, if that is so, the simulation of the 254 spectra
cannot fully explain the experimental spectrum (Figure 15a). The best simulation of the
experimental profile using only this criterion is produced if the Al occupancies in the four
T sites are t;O = 0.70, t;m = 0.05, t,0 = 0.05 and tm = 0.20. However, this simulation pro-
duces some resonances at ca. 90 ppm from Si atoms in T,m (1Si,3Al) and at ca. =106 ppm
(* in sim L of Figure 15a) that do not appear in the experiments. In addition, the high
Al occupancies in the Tom sites implies that some four-membered rings must have two
Al atoms, which is not correlated with short T-O distances in the structural models of
fully ordered microcline from XRD. Thus, a new model is presented here in which three
criteria are used. First, as the chemical shifts of orthoclase and microcline are so close,
the local structure of orthoclase can be similar to that of microcline with some disordered
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Si atoms at the T;0O site, and thus some Al atoms at the other three sites. In this way,
the 2Si spectrum of orthoclase should be derived with a minimum deviation from that
of microcline. Second, Loewenstein’s rule must be perfectly obeyed, as with the other
K-feldspars. And third, a perfectly homogeneous dispersion of charges on the Al atoms in
the structure will preferentially allow the formation of only four chemical environments
for Si atoms: T10 (3Si,1Al), Tym (3Si,1Al), ToO (3Si,1Al) and Tom (25i,2Al), as we must
distribute three Si atoms per unit formula into four T sites of the C1 triclinic structure. At
least one (25i,2Al) environment must be formed. With these criteria, a simulation has been
carried out with only four components (sim L + CD in Figure 15a). As the Al occupancies ty
in the 22Si spectrum can be calculated from the peak intensities I in %, as tx = 1 — 3(1x/100),
a plausible mathematical simulation emerges for values such as t;O = 0.50, tym = 0.25,
t20 = 0.17 and tom = 0.08, with resonances at chemical shift of T{O = —101.9 ppm,
Tim = —100.5 ppm, T,0 = —97.7 ppm, and Tym = —94.7 ppm, in all cases with 2.0 ppm
line width, i.e., double the line width necessary to simulate the 2°Si spectrum of fully
ordered microcline.

To test this simulation, the 2 Al NMR spectrum of orthoclase, in the same specimen
K-ASGS, has been obtained at 35.2 T. At this external field, the quadrupolar broadening
has been almost totally cancelled, and the line widths of the observed resonances are
mainly due to distributions of the chemical shifts. Thus, three restrictions are imposed for
the mathematical simulation of this NMR spectrum, including an analogous separation
between the four components of Al (45i,0Al), a line width close to double than that observed
in fully ordered microcline, and finally four signals with areas showing Al site occupancies
similar to that in the 2°Si spectrum. With these restrictions, the 2 Al spectrum at 35.2 T
has been simulated with four curves giving ty values as: t;O = 0.46, t;m = 0.28, t,0 = 0.19
and tom = 0.08; chemical shifts at T{O = 59.4 ppm, Tym = 60.0 ppm, T,0 = 61.2 ppm
and Tom = 62.7 ppm, in all cases Iw = 2.3 ppm (Figure 15b). This simulation suggests
that the initial hypothesis is probable, i.e., local restriction from Loewenstein’s rule and
homogeneous charge dispersion. Moreover, it indicates that the local structure in orthoclase
is more similar to that of microcline than to that of sanidine. It is only pseudotriclinic or
non-strictly periodic, with site distributions instead of spectroscopically distinct sites with
well-defined and constant values of the NMR parameters.

This model implies that Mallard’s hypothesis to explain the structure of orthoclase
is correct in essence, and the monoclinic symmetry recorded by RSTs is an “apparent
symmetry” due to a lack of resolution [66]. However, orthoclase is not composed only
of “X-ray low microcline” domains. Some domains formed by crossovers with a positive
interference can produce a similar degree of local order but probably a slightly different
local geometry. This suggestion is supported by the fact that the resonance at ~58.6 ppm
from Al atoms at the T;O site in fully ordered microcline at 35.2 T could correspond to
the component at ~59.4 ppm from Al atoms in T;O site of orthoclase at 35.2 T (see the
deconvolution of Figure 15b). Note that a difference of about 0.8 ppm is very close to the
estimated uncertainty in the experimental chemical shift of the 27 Al spectra; at this external
field, it is about 1 ppm. However, these values are far from the c.g. of the signal observed
in the 2 Al spectrum of sanidine at 61.6 ppm at 35.2 T (Figure 1c) and also from that in
“valencianite” at 62.1 ppm at the same external magnetic field (Figure 10b). As suggested by
Bambauer et al., that K-feldspar should be labeled “X-ray orthoclase” in comparison to the
other “X-ray varieties”, because it has a microstructure that is below the limits of resolution
of both light optical and X-ray methods [66]. Thus, the external monoclinic symmetry
or the one resolved by RSTs is simply an artifact due to the lack of resolving power. An
“ideal” long-range periodicity is imposed in such extremely heterogeneous minerals (see
Figure 13) as if they were “crystals” as a mathematical object. Moreover, such imposition
could be hiding some more important structural aspects and behaviors of the solid state,
where this crystalline medium is far from equilibrium. It will tend toward equilibrium on
cooling, at which point a structure must appear in which the triclinic character is perfectly
developed [4]. This structural character is investigated at the end of this article.
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The second type of heterogeneous structure with modularity at the mesoscale is
here called periodically modulated composite structures. These are formed by fully coherent
intergrowths of two or more phases with a marked contrast in their chemical composition,
produced during primary growth or by later unmixing at the subsolidus stage. They have
different degrees of mismatch between the coexisting modules, as occurs in polytypism
and polytypic series, polysomes and polysomatic series [81-83].

Modularity, ubiquitous in plagioclase, is an unresolved problem, particularly in
labradorite NaCaAl3SisO14, which is the example selected in this work to represent its
main NMR characteristics. The term labradorite has been traditionally used to designate
a mineral of the plagioclase group with composition from AbsyAnsg to AbzgAnyy. It is
retained for historical reasons. Single-crystal XRD patterns and ED patterns of labradorite
describe a feldspar with an incommensurately modulated structure, showing two types
of modularity that generally coexist. One, with a periodicity from about 50-100 A, gives
rise to e-satellites [84,85] caused by fine-scale coherence between the two modules with a
different Ca:Na ratio [86]. The other has a variable periodicity of lamellar domains owing
to unmixing in the range of the wavelengths of the visible spectrum (i.e., A > 400 nm),
and thus the cause of the Schiller effect from violet to red colors in some specimens [87],
or at shorter wavelength, about 100-150 nm [86]. As a result, where the periodicity is
well defined, regular intergrowths in labradorite give rise to supersatellites or s-satellites
in single-crystal XRD patterns [83,84]. Conventional single-crystal XRD and neutron re-
finements of these heterogeneous crystals have produced an ideal average structure with
a single lattice obeying a C1 space group by using only Bragg peaks and ignoring the
e-satellite reflections [88,89]. Owing to the scale of the intergrowth of two phases, they
cannot be resolved in the diffraction patterns. Moreover, the refined average structure is
considered to be unaffected by the presence of such a weak superstructure [90]. The average
structure has a subtle increase in the 7y angle from ~89.7° for Ansg to ~90° for Angg [91].

We have studied several specimens of labradorite in this chemical range, with and
without Schiller effect, to evaluate any structural change (Table 6). The powder XRD
patterns of these specimens of labradorite were compared with the theoretical powder
patterns derived from average structures from single-crystal determinations by using the
ICSD (Inorganic Crystal Structure Database) database. All specimens are compatible with
a C1 space-group average symmetry, and in particular with file CC = 193,736 from [86],
which was used as the initial standard for the Rietveld refinement of cell parameters. This
average structure suggests a lattice model with four tetrahedral sites occupied by both Si
and Al atoms, and thus in a disordered Si,Al distribution.

Table 6. Chemical composition and cell parameters of labradorite specimens, in A for the cell
dimensions and degrees for the cell angles.

EMPA Chemical Cell Parameters from Rietveld Refinement in the CI Space Group Symmetry Locality

Specimens Composition a b c ® B v
IN1 OrjAbg9Ans 8.167 (1) 12.856 (2)  7.1113(6)  93.575(8) 116.273(6)  89.757 (9) India
SKY Or; AbyyAns; 8.164 (1) 12.854 (1)  7.1059 (7) 93.53 (1) 116253 (7)  89.827 (9) Madagascar
PLG1 Or3Abys5Ans; 8.169 (1) 12.857 (2)  7.1091 (9) 93.56 (1) 116.26 (1) 89.74 (1) unknown
MDG2 Or3AbyqAns; 8.168 (1) 12.860 (1)  7.1081(7)  93.546(9) 116.251(6) 89.896 (9) Madagascar
BLUE OrpAbgzAnss 8.167 (1) 12.859 (1)  7.1067 (7)  93.524 (10) 116.234(6) 89.937 (10) Madagascar
MDG1 OrpAbyp Ansg 8.167 (1) 12.859 (2)  7.1087 (7) 93.57 (1) 116.259 (7)  89.80(1) = Madagascar
AMAR OrpAby1 Ansy 8.165 (1) 12.854 (2)  7.1065(7)  93.546 (10) 116.253 (6) 89.816(10)  unknown

Note: Rietveld refinement by using BRUKER-AXS TOPAS v6 (2016).

The XRD, ED and transmission electron microscopy images of e-plagioclase samples
have been interpreted in several ways: modularity between albite-like and anorthite-like
domains [92], periodic I1-like domains connected by inversion-twin boundaries [93], a
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superstructure from periodic antiphase boundaries [94], e;-plagioclase as an incommen-
surate structure with anorthite content between Anys and Angg in a disordered structure
with Al avoidance and ej-plagioclase as an incommensurate structure with anorthite
content > Ansg with Na—Ca order below 800 °C [95]. However, because of the common
coexistence of the two modulations in labradorite with e- and s-satellites, the first with size
domains below the limit of resolution of the XRD and the second with domains close to
that limit, each s-lamella has its own e-modulation, and it is not possible to resolve the
Ca—Na modulation in an unambiguous way [86].

Surprisingly, after all of these considerations, the 2Si spectra of very different samples
(Figure 16) are very similar in all cases, and also similar to the spectra available in the
literature between Anss and Angg [96]. This similarity suggests a comparable composite
structure at the local scale at least between Ansy and Angy, where slight variations in the
lattice parameters can be explained by different contributions of two different lamellae,
here called p; and p, domains. No simple and single simulation can be carried out in these
spectra as multiple solutions can be found without any guarantee of truth. This strong
similarity by NMR among specimens contrasts with the differences that have been found
by electron diffraction in samples with different cooling rates [97].
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Figure 16. The 2°Si MAS NMR spectra at 9.4 T in several specimens of labradorite between Ansg and
Ansy. The 2Si spectra were recorded at v, = 14.3 kHz in a 4 mm rotor, using a 0.5 pus excitation pulse,
and a recycle delay of 0.75 s.

Specimen IN1 was selected for additional NMR scans as it is a colorless and transparent
mineral of chemical composition Orj AbsgAnsy (EMPA), showing a weak Schiller effect
with blue iridescence, wide Albite and Pericline twins and its crossovers, and no additional
minerals as impurities at the optic scale. This specimen has been analyzed in an %’ Al{*’Si}
HMQC NMR experiment at 17.6 T (750 MHz) as shown in Figure 17. In the % Al spectrum
at 11.7 T, labradorite produces only a single broad resonance centered at ~60 ppm [98]; at
17.6 T, however, a doublet is resolved reflecting the modularity of the structure at ~48 ppm
for py-plagioclase ~Angg and at ~53 ppm for p,-plagioclase ~Anyg, a compositional range
for the domains that has already been suggested in the literature [99-101]. The ?Si spectra
of p1- and py-plagioclases have been simulated with six components, whereas the total
spectrum can be reproduced by the sum of about 50% of each component (Table 7). It
is difficult to interpret these simulations using lattice models with strict periodicity and
well-defined space-group symmetries in each module of plagioclase. Our data thus suggest
that labradorite specimens from Ansj to Angg (Figure 17) are the result of an intergrowth of
two pseudoperiodic structures formed by limited Na—Ca exsolution and with contrasting
atomic structures.
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Figure 17. (a) The 27 Al{¥’si} HMQC NMR spectrum of specimen IN1 of labradorite Ans, in which
two compositions are recorded along the 2 Al axis at 48 ppm for plagioclase p; (blue) and at 53 ppm
for plagioclase p; (red). (b) The 2°Si spectrum for a section at 53 ppm to show the spectral component
of the p, plagioclase ca. ~Anyg, with six Voigt curves at xG/(1 — x)L = 0.5. (c) The Bgj spectrum for a
section at 48 ppm shows the spectral component of the p; plagioclase ca. ~An50, with six Voigt curves
atxG/(1 — x)L = 0.5. (d) Deconvolution of the 2°Si MAS NMR spectrum by using 50% p1 + 50% p
(see Table 7), with slight variations in the position and intensities of the signals with respect to the
simulation of the sections in (b,c) from the 27 Al{¥’Si} HMQC NMR spectrum. The spectrum was
recorded at v, = 14 kHz in a 4 mm rotor, using a {9.0}13.5 us excitation pulse, and a recycle delay of
1.0 s. For additional information about this type of experiment, see [52].
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Table 7. Simulation of the 2°Si spectrum from the 27 Al{?Si) HMQC NMR spectrum at 17.6 T of
specimen IN1 of labradorite Ansy (Figure 17).

Plagioclase Modules & (ppm) Line Width (ppm) Area (%)
—82.7 2.5 7.15
—87.7 4.0 24.92
p2-plagioclase -93.6 3.4 43.25
(sim Figure 17b) —-99.3 2.2 13.70
—105.7 24 8.72
—110.0 2.0 243
—83.1 2.7 17.51
—86.0 2.7 24.04
p1-plagioclase —89.3 2.7 21.60
(sim Figure 17c¢) —-924 2.7 21.03
—95.0 3.3 9.38
—99.5 2.5 6.44
—82.4 2.0 3.40
—87.9 3.0 7.92
pa-plag. —93.6 3.6 19.58
49.67% —98.9 3.0 9.52
—105.2 24 7.84
Specimen IN1 —110.5 2.7 141
(sim Figure 17d) —835 3.0 7.94
—86.0 3.1 11.13
p1-plag. —89.5 3.1 10.84
50.33% —-92.1 3.0 10.57
—95.4 3.3 5.82
100.6 3.3 4.04

The deconvolutions presented are mathematical solutions to show how complex and
robust the local structure of labradorite seems to be on the basis NMR data, in comparison
with the other average models. Additional NMR experiments are necessary to resolve the
medium-range polyatomic organizations in these modules, as the 2’Si spectra do not have
a simple interpretation in term of crystallographically distinct sites; we need to define the
relationship of p-domains derived from NMR to e-modulations and s-domains.

The third type of heterogeneous structure occurs where the lamellar size from ~5 nm
to ~100 nm does not produce strict periodicity between lamellae at the mesoscale, but only
a measurable average pseudoperiodicity. As a result, no satellite diffraction maxima are
recorded by RSTs, as occur in e-plagioclase. These aperiodically modulated composite structures
are formed by the intergrowth of two structures with a different chemical composition
but a related structure. In fine intergrowths, fully coherent structures can be generated, as
in alkali feldspar cryptoperthite, formed by an exsolution process [102,103]. In this case,
structural strain appears from coherency between the two phases with different chemical
composition but a shared structure. As the exsolution process progresses, the size of
the lamellae of the two components increases and the interfaces become semicoherent to
incoherent, particularly where there is interaction with aqueous fluids. The structural strain
also decreases or disappears where the interfaces are fully non-coherent, in vein perthites.
The structural strain has been represented as lattice strain and has been described by
anomalous lattice parameters measured in XRD patterns, particularly in the a-dimension of
the unit cell, in comparison with other normal (i.e., unstrained) alkali feldspar intergrowths
with non-coherent boundaries [104-107]. Strain is also manifested by diffuse streaks in
electron-diffraction patterns [79,102]. Intermediate alkali feldspars can also form, as in
labradorite, a weak second modulation that produces a visible effect at the optical scale with
a ~400 nm wavelength, giving rise to a blue-white Schiller effect. The term “moonstone”
is used for the gemstones with such an optical effect. This second modulation does not
normally form a lamellar microtexture with sufficient chemical contrast to be resolved by
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back-scattered electron diffraction. However, scanning Rayleigh scattering microscopy was
able to resolve island, labyrinth and stripe patterns, with such periodicity as to produce
reflection of blue light, from an unmixing process of spinodal decomposition that produces
such large chemical waves but with a low amplitude [108].

Three specimens of moonstone from Meetiyagoda (Sri Lanka) were used in this
work (Table 8), with exsolved domains at very different scales. Specimen SRelb is a
fully transparent crystalline sample with sharp blue iridescence. Specimen SR31 is a non-
iridescent opaque sample with a perthitic texture in which the large lamellae are visible
at the optical scale. Specimen SR9 is a translucent sample with white iridescence. The
approximate bulk chemical composition derived from EMPA (JEOL-8900M equipment)
using a beam of about 5 um3 at 15 kV and 25 nA to avoid sodium losses, gave: Ors9Absg
for specimen SRelb, Or3gAbsg for specimen SR31, and OrygAbs for specimen SR9. These
specimens originate in pegmatites hosted in metamorphic rocks at the granulite facies
of metamorphism [109], i.e., in a relatively dry environment without evidence of a wet
coarsening process at the subsolidus stage. The ordering reaction occurred without the
active participation of aqueous fluids. Hence, the structural coherency (or pseudocoherency)
between the two lamellar phases produced by exsolution is mostly preserved.

Table 8. Unit-cell parameters from Rietveld refinement of the three moonstone specimens: SRelb,
SR31 and SRY, in A for the cell dimensions and degrees for the cell angles.

Specimens Bulk Compositions a b c o B v
SRelb K-rich phase 63.4 % 8.647 (1) 12.896 (1) 7.189 (1) 90 116.34 (1) 90
Na-rich phase 36.6 % 8.096 (2) 12.917 (3) 7.186 (1) 90 116.98 (2) 90
SR31 K-rich phase 41.3 % 8.638 (1) 12.956 (1) 7.197 (1) 90 116.31 (1) 90
Na-rich phase 58.7 % 8.121 (2) 12.964 (3) 7.191 (1) 90.15 (4) 117.02 (2) 90.64 (3)
SR9 K-rich phase 67.5 % 8.609 (2) 12.960 (5) 7.214 (1) 90.48 (1) 116.05 (1) 87.67 (3)

Na-rich phase 32.5 % 8.097 (5) 12.955 (1) 7.228 (3) 89.91 (4) 117.14 (1) 90.36 (3)

Note: Rietveld refinement by using BRUKER-AXS TOPAS v6 (2016).

Specimen SRelb does not show evidence of exsolution if examined by conventional
scanning electron microscopy (SEM) techniques. However, high-resolution field-emission
electron microscopy images, using a back-scattered electron (BSE) detector in a field emis-
sion SEM, showed that two lamellar domains coexist in a fine coherent intergrowth, with a
size scale between 20 and 40 nm, in a pseudoperiodic configuration with sharp boundaries,
locally with a zig-zag shape in diagonal association (Figure 18a). The X-ray diffraction
photographs of this type of specimen have been interpreted as a single-crystal pattern
of a monoclinic K-rich feldspar (orthoclase or sanidine) plus oriented diffuse reflections
in positions that correspond approximately to a Na-feldspar with an intermediate state
between the low-temperature modification of albite and the high-temperature modification
of analbite [64]. Specimen SRelb shows a powder XRD pattern that is consistent with
that interpretation. Thus, it was difficult to identify the diffraction maxima from the two
types of lamellar domains, as the lamellar thickness is inferior to that of the coherent X-ray
diffraction at 50-100 nm [3], thus complicating the refinement of the cell parameters by the
Rietveld method. Figure 19b shows three regions of the X-ray pattern of this specimen and,
for comparison, those of orthoclase in specimen K-ASGS (Figure 19a) and the other two
specimens of moonstone. It was possible to distinguish some of the (hkl) diffraction maxima
belonging to the two intergrown phases, but no clear evidence of triclinic character was
detected in neither of the two feldspar components (Figure 19b). The Rietveld quantification
indicates the coexistence of 63.4% monoclinic K-rich feldspar and 36.6% triclinic Na-feldspar.
The a-dimensions in the two feldspars are strongly anomalous in comparison with unstrained
alkali feldspars (compare the cell parameters of Table 8 with those of Table 10).

Note that the 2Si NMR spectrum at 9.4 T (Figure 20a, Table 9) is consistent with a
combination of resonances of almost fully ordered albite (47.8%) and disordered K-rich
feldspar (52.2%) with chemical shifts similar to orthoclase. This is as expected from the
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EMPA composition, with chemical compositions not far from the end-members, according
to the values of the chemical shifts. The line width of the resonances of the two components
with nanometer size in specimen SRelb is significantly greater than that observed in
specimen SR9 (with two triclinic feldspars detected in XRD). The size of the lamellae of
the two components is much larger in specimen SR9, particularly for the K-rich feldspar
(Table 9). It means that the larger distribution in the values of chemical shift of specimen
SRelb arise when the size domains decrease, owing to strain from coherency. The % Al
NMR spectra at 35.2 T (Figure 20b) of this specimen can be decomposed into a wide signal
from disordered K-rich feldspar centered at 61.6 ppm (i.e., similar to sanidine in specimen
K-713r) with 53.1% area, and two signals from Na-feldspar at 63.1 ppm (i.e., a value very
close to that of fully ordered albite in specimen CLBR) with 37.5% area, corresponding to
the low-strain inner part of the albite lamellae. In addition, a signal at 64.7 ppm with 9.4%
area could correspond to the strained parts of albite close to interfaces from the coherent
boundaries with the K-feldspar lamellae.

Figure 18. (a) BSE image of the cryptoperthitic texture in specimen SRelb in a (001) section, with Na
lamellae in light gray and K-rich lamellae in dark gray of average thickness of about 30 nm, resolved
by using a high-resolution field-emission SEM equipment (Thermo Scientific Apreo 2, HV at 1.5 kV,
13 pA, WD = 4.0 mm, HFW =1.27 um, and at x 100,000 magnification). (b) Optical micrograph close to
the parallel position in a (001) section in specimen SR31, using transmitted light and parallel polarizers
using a x100 oil objective, in a Nikon Eclipse LV100 POL microscope. (c) BSE image of the crypto-
and microperthitic texture of specimen SR31, with a contrast between the two compositional lamellae
similar to the previous one, using a FEI Inspect SEM microscope, HV at 30.0 kV, WD = 7.9 mm, spot
at 4.6, at x5000 magnification. (d) BSE image of the crypto- and microperthitic texture of specimen
SR9, using the same experimental conditions as in (c), at x8000 magnification.
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Figure 19. Powder XRD patterns of the moonstone specimens (SRelb, SR31, SR9), compared to
that of orthoclase in specimen K-ASGS, in three regions of the patterns, i.e., between 20 and 26°
20,27.2 and 28.2° 26, and 29 and 32° 26. (a) Specimen K-ASGS (Oryq) is an ion-exchanged sample
from specimen ASGS as a precursor, with (hkl) peaks in green from a monoclinic C2/m space-group
symmetry. (b) Specimen SRelb has been indexed with (hkl) peaks from a monoclinic K-rich feldspar
in green and from a monoclinic Na-rich feldspar in violet; the reflection (112) is shared by the two
components, as it also is in specimen SR31. (c) Specimen SR31 has been indexed with (hkl) peaks
from a monoclinic K-rich feldspar in green, and a triclinic Na-feldspar with low obliquity in red.
(d) Specimen SR9 has been indexed with (hkl) reflections from two triclinic feldspars, in red for the
Na-feldspar and in blue for the K-feldspar.
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Figure 20. The NMR spectra of the three specimens of moonstone (NMR parameters in Table 9).
(a) The 22Si NMR spectrum of specimen SRelb at 9.4 T has been simulated with two phases, one with
three resonances from Na-feldspar corresponding to Si atoms in Tym, T,O and Tym sites, the other
with four resonances for K-feldspars related to Si atoms in T1O, Tym, T,O and Tom sites. (b) The 27A1
NMR spectrum of specimen SRelb at 35.2 T has been simulated with three resonances, one broad
peak from the K-feldspar and two resonances from the Na-feldspar. (c) The 2Si NMR spectrum of
specimen SR31 at 9.4 T has been simulated with two phases as in (a). (d) The 2’ Al NMR spectrum
of specimen SR31 at 35.2 T can be deconvoluted by using a single resonance from the Na-feldspar,
an asymmetric signal composed of four resonances like in orthoclase for the K-feldspar, and an
additional resonance attributed to strain in the K-feldspar component. (e) The 2°Si NMR spectrum
of specimen SR9 at 9.4 T has been simulated with the same two phases (Na- and K-feldspar), each
one with three resonances for Si atoms in Tym, T,O and Tom sites. (f) The 2 Al NMR spectrum of
specimen SR9 at 35.2 T has been deconvoluted into three resonances, two signals from K-feldspar, one
from Al atoms at the T; O site and the other from structural strain, and one signal in Na-feldspar from
Al atoms at the T; O site. All the resonances were simulated with Voigt curves at xG/(1 — x)L =0.7.
Dotted lines show the components of the Na-feldspar phase, and dashed lines show those of the
K-feldspar phase; s are the resonances from structural strain; exp are used for the experimental
spectra, and sim for the simulated spectra. Experimental procedure for the 2’ Al spectra at 35.2 T as in
Figure 1; for the 2%Si spectra as in ref [4].
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Table 9. Data of the simulations of the 2Si NMR spectra at 9.4 T and of the 2 Al NMR spectra at 35.2
T, in specimens SRelb, SR31 and SR9 (Figure 20).

Mi 1 Si Sit Specimen SRelb Specimen SR31 Specimen SR9

inera 1 o1tes 8 (ppm) Iw (ppm) A (%) 8 (ppm) 1w (ppm) A (%) 8 (ppm) Iw (ppm) A (%)
Tom —-92.8 1.2 16.2 -92.7 1.00 21.6 -929 1.00 9.5

NaF T,0 —-96.8 1.3 15.7 —96.8 1.00 21.8 —96.8 1.00 9.3
Tim —104.4 1.4 15.9 —1044 0.90 16.9 —104.4 0.90 7.6
Tom —94.2 2.1 154 —94.3 2.0 11.7 —94.5 1.10 23.5

KE T,0 —-97.2 1.9 15.7 —-97.4 2.0 11.5 —-97.2 1.10 24.5
Tim —100.0 2.2 11.8 —100.2 2.0 11.1 —100.2 1.10 25.6
T:0 —101.7 2.5 9.3 —102.0 2.2 5.4 - - -

. . Specimen SRelb Specimen SR31 Specimen SR9

Mineral Al Sites 8 (ppm) Iw (ppm) A (%) 8 (ppm) 1w (ppm) A (%) 5 (ppm) Iw (ppm) A (%)

T:0 63.1 1.5 37.5

NaF ! 62.4 1.6 52.2 61.9 1.5 20.1
strain 64.7 1.7 94
T:0 59.4 2.2 19.5
Tim 60.3 2.2 11.0

KF 61.6 2.6 53.1 58.9 1.1 724
T,0 61.3 2.2 9.1
Tom 62.6 2.2 43
strain 60.9 1.3 3.9 60.3 1.2 7.5

Note: The resonances have been simulated with Voigt curves at xG/(1 — x)L = 0.7; Iw is line width, NaF is
Na-feldspar and KF is K-feldspar, A is area.

Specimen SR31 features a perthitic intergrowth (Figure 18b,c) of lozenge-shaped K
-feldspar lamellae; the Na-feldspar lamellae are oriented along the (110) and (110) directions,
giving rise to an X-shaped configuration. Some Na-feldspar lamellae are coarsened in
spatial association with some microporosity owing to interaction with an aqueous fluid
also affecting larger K-feldspar domains. Structural coherency is mostly preserved in the
specimen. The powder XRD pattern is difficult to interpret because of the mixture, but it
is consistent with the intergrowth of monoclinic K-feldspar similar to orthoclase, and a
triclinic Na-feldspar with anomalous obliquity (Figure 19¢c, Table 8). However, anomalous
unit-cell dimensions are detected, particularly in the a cell parameters of the two alkali
feldspars (Table 8). The ?°Si spectrum of this specimen at 9.4 T (Figure 20c, Table 9) is
consistent with ~40 wt.% K-feldspar with a structure similar to that of orthoclase, and
~60 wt.% Na-feldspar with three resonances close to those of fully ordered albite. The 2’ Al
spectrum (Figure 20d, Table 9) can be deconvoluted into three signals, one from ordered
Na-feldspar with 52.2% area, and two signals from K-feldspar including the resonances
of orthoclase with 43.9% area and one signal from structural strain with 3.9% area. The
proportion of the K-feldspar and Na-feldspar components in the perthitic mixture extracted
from NMR spectra are similar to the values obtained by EMPA and the quantification by the
Rietveld refinement, but the structural state found in the XRD pattern for the Na-feldspar
is markedly different from that found in NMR. Thus, the structural coherency existing
between albite and orthoclase inhibits the correct characterization of the degree of order at
the local scale if described by XRD.

Specimen SR9 shows an exsolution pattern composed of a cryptoperthite with fine
lamellae of Na-feldspar in a K-rich feldspar matrix with zig-zag interfaces, as well as a
microperthite of coarse albite veins of diamond shape, developed by lateral coarsening
of the fine lamellae. This pattern can be resolved by standard BSE electron microscopy at
conventional conditions (Figure 18d), although a more detailed visualization is possible
with TEM [103]. However, our BSE image allows the observation of much larger surfaces
and shows that the albite domains with a diamond shape and a coherent interface with
the K-rich matrix are produced by the development of exsolution along the (110) and (110)
directions. This gave rise to an exsolution pattern with large X-shaped albite lamellae,
where structural coherency is mostly retained (Figure 18b). The powder XRD pattern of this
specimen is also complex, because of overlapping of the diffraction maxima contributed
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by the two components, as for instance in the (112) diffraction (Figure 19). The cell pa-
rameters acquired by a Rietveld refinement thus have a low quality, particularly those
of the Na-feldspar (Table 8). They record a mixture of triclinic alkali feldspars for both
Na- and K-feldspar lamellae, but with anomalous a-dimensions in the two phases, with a
K-feldspar close to the “X-ray low microcline” variety. The 2°Si spectrum of specimen SR9
at 9.4 T (Figure 20e, Table 9) is consistent with a mixture of alkali feldspars’ very close fully
ordered structures, with a chemical composition close to the end-members. The Na-feldspar
amounts to 26.5% and the K-feldspar, 73.5%. The 2 Al NMR spectrum of this specimen
at 35.2 T (Figure 20f) shows two resonances corresponding to fully ordered microcline at
diso = 58.9 ppm with an area of 72.4% and fully ordered albite at 8;5, = 62.9 ppm with an
area of 20.1%, but with an anomalously wide line width of 1.5 ppm in comparison with the
“X-ray low albite” variety. It shows another resonance at 60.3 ppm with 7.5% area that can
be interpreted as structural strain in the K-feldspar component arising from coherency.

Figure 21 shows the 2 Al MQMAS NMR spectra at 17.6 T of the three specimens of
moonstone. It was not possible to resolve the resonances of the two alkali-feldspar phases
in specimen SRelb (Figure 21a). The one-dimension spectrum of this specimen, i.e., the
projection on the Fiso isotropic dimension (Figure 21b), however, can be deconvoluted with
the three resonances analogous to those used in the deconvolution at 35.2 T, to obtain a very
similar result (Figure 20b). The one-dimension spectra in specimen SR31 (Figure 21c) and
specimen SR9 (Figure 21d) are also very similar to those obtained at 35.2 T (Figure 20d,f).
Hence, all of these different NMR experimental results are fully compatible with each other
in each specimen.

@ MQMAS — @ MQMAS \
176T € 1767 SR31

o
] RS B RS EUELELE B R ] L LR R B LR BT
C i C i
sl 2 sl -]
T L ] T :
s | 1 s [ : ]
L2 3 : - L3l -
s [ : s [ 2. NG
2 ) 2
[ d \) 7] T | SR 7 =
wl %\/ ] il 7 '(/
o~ -1 © : Q — Z 5 7]
,‘2-'":.|||I|||| U T L O 1 E.-'.i.‘llllllllll;llllllll-
70 65 60 55 50 70 65 60 55 50
F2 (ppm) F2 (ppm)

@ MQMAS @ nawas ,/ SR9

176T
1767 = o

WITET T E T T TTrrrri
tF E ]
o 4
28 .
2 ! S ] ('
i o (&
| B ..
4 -"i.‘l pal e s o Ba il o]
70 65 60 55 50
“Al isotropic shift (ppm) F2 (ppm)

Figure 21. The 2 Al MQMAS NMR spectra at 17.6 T of the three specimens of moonstone, the MAS
spectra are on top as a projection the F2 axis, and the one-dimension spectra are at the right side as a
projection on the Fiso isotropic dimension. (a) Specimen SRelb with broad spectra in the two axes.
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(b) Deconvolution of the experimental spectrum (exp) in the Fiso dimension, simulated (sim) with
three resonances as: the K-rich phase (dashed line in red) with 4i5, = 62.1 ppm, Iw = 3.2 ppm
and A =52.5 %; the Na-rich phase (dotted lines in blue) with 65, = 63.5 ppm, Iw = 2.2 ppm and
A =37.4 % for Al atoms in T O site and ;5o = 65.5 ppm, Iw = 2.7 ppm and A = 10.1 % for strained
sites. (c) Specimen SR31. (d) Specimen SR9. Red lines for the K-feldspar and blue lines for the
Na-feldspar. Experimental conditions: v, = 30 kHz, v,¢ = 50 kHz, using a 0.5 us excitation pulse, and
arecycle delay of 0.5 s.

All of these results thus suggest that the resolving power of the XRD technique is
not sufficient to properly describe the local structure of alkali feldspars where they form
fine coherent intergrowths, such as those in the cryptoperthitic moonstone specimens we
studied. The anomalous cell dimensions and the X-ray varieties inferred from XRD data
cannot be correlated with the NMR data in a simple way. It is important to note that there is
a strong tendency in all cases to detect structures close to full order at the local scale in the
Na-feldspar phase by NMR, although the XRD patterns do not concur. Thus, such robust
and persistent atomic organizations such as those of the “X-ray low albite” variety must
have a particular physical interpretation, which could be investigated by using high-quality
specimens with fully ordered structures at all scales of observation.

4.4. Fully Ordered and Stoichiometric Structures

Natural and synthetic minerals are normally crystalline and thus form macroscopic
morphological units with regular external shapes (i.e., a crystalline figure); they also have
an indexable diffraction pattern [110]. However, natural and synthetic minerals do not
invariably have a fully ordered state, owing to the time scale involved in achieving it. In
fact, mineral structures with a stoichiometric chemical composition that are fully ordered
are particularly rare in aluminosilicate compounds. These complex mineral structures
contain several chemical elements located at various structural sites, as for instances
in aluminosilicates such as in B-eucryptite and B-spodumene solid-solution series [22]
and also in feldspars [79]. At a laboratory timescale, Ostwald’s step rule [28] progresses
very slowly [111], as noted by Laves, who labeled the Gay-Lussac-Ostwald step rule of
successive reactions [61]. The theme was developed in detail by Goldsmith in relation to
his “simplexity principle” [28]. In some cases, such as orthoclase or labradorite, metastable
structures need to overcome a potential barrier to achieve stabilization at low temperatures.
The kinetic restrictions commonly limit possibilities and inhibit compliance of the state
expected from thermodynamic laws, preventing their fulfillment. Such kinetic factors
render thermodynamic predictions useless. As a consequence, it is generally not possible
to synthesize fully ordered structures in the laboratory. These require long periods of
geological time and later recrystallization to reach such an ordered structural state typical of
low-temperature phases. Hence, nature is the best “laboratory” to produce those specimens,
as geological time and geological processes work together to eventually produce a highly
ordered organization of atoms. Even in feldspars, the most common mineral and most
accessible to human experiments, fully ordered structures with a stoichiometric composition
such as KAISizOg and CaAl;Si;Og are extremely rare. The same can be said in other
minerals groups such as amphiboles, micas and clay minerals. Fully ordered NaAlSizOs is
apparently more common.

In order to compare results with previous examples with disordered structures and
non-stoichiometric compositions, we have selected the compositional end-members of the
alkali feldspar minerals as examples of fully ordered and stoichiometric structures. We
examine chemical compositions very close to the ideal formulae, such as NaAlSi3Og and
KAISi3;Og, with low albite and low microcline XRD patterns. These should be labeled
“X-ray low albite” and “X-ray low microcline” variants [66], with a structure close to the
maximum degree of obliquity in the a and + cell angles (triclinicity). A triclinic lattice
model with C1 space-group symmetry and four tetrahedral sites for the framework cations
is inferred from RSTs. One site with Al atoms labeled T;O (45i,0Al) is occupied by Al
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atoms, and the other three sites with Si atoms are labeled T;m (35i,1Al), T,O (35i,1Al) and
Tom (25i,2Al). In this model, one irregular cavity, the M1 site, hosts the K or Na atom.
This lattice model perfectly matches the experimental results from NMR spectroscopy [4].
Not all specimens of alkali feldspars with these chemical compositions and XRD patterns,
with close cell dimensions and similar obliquity in angles, have exactly the same NMR
spectra, however.

Figure 22 compares two samples of “X-ray low microcline”, with similar chemical
composition (specimen 9544 with OrgygAbs, in Figure 22a and specimen 11924 with
Orgg4Abz ¢ in Figure 22b), very similar X-ray patterns and also close cell parameters
(Table 10). Specimen 9544 is a euhedral green amazonite K-feldspar with the Zillertal habit
from a Pikes Peak pegmatite (Pikes Peak Mountains, CO, USA), and specimen 11924 is a
“white cap” on a specimen similar to 9544 also from a Pikes Peak pegmatite. The white cap
constitutes an overgrowth of untwinned low microcline at low temperatures, thus it formed
well within the field of low microcline, from a fluid phase containing a totally different set
of trace elements (in particular no Pb) than the precursor, which does show evidence of
having inverted from a monoclinic parent [112]. In the same way, two examples of “X-ray
low albite” are compared, which have very close chemical composition (specimen CJ1 with
Ab1p in Figure 22¢ and specimen CLBR with Abg in Figure 22d), similar X-ray patterns
and parallel cell parameters (Table 10). Specimen CJ1 is Na-feldspar from a void in a skarn
rock from Malaga (Spain), and it is compared with specimen CLBR, a Na-feldspar from a
pocket in Golconda III granitic pegmatite from Governador Valadares (MG, Brazil).

9544
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Figure 22. The powder XRD patterns between 20 and 32° 26 CuKe; radiation of four specimens with
chemical composition close to stoichiometry as end-members of the alkali feldspars, with (hkl) peaks
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in blue for “X-ray low microcline”, specimen 9544 in (a) and specimen 11924 in (b), both with triclinic
C1 space-group symmetry, and with (hkl) diffraction maxima in red for “X-ray low albite”, specimens
CJ1in (c) and specimen CLBR in (d). Q represents quartz impurities in (a); * for impurities in (c); some
Na-feldspar is detected in (a) by the (002) peak. The experimental conditions of the XRD patterns are
described in [4].

Table 10. Cell parameters of the selected specimens of alkali feldspar acquired by Rietveld refinement;
two consist of the “X-ray low microcline” variant of K-feldspar (LM), and two consist of the “X-ray
low albite” variant of Na-feldspar (LA), in A for the cell dimensions and degrees for the cell angles.

Mineral Specimen a b c % B %
M 9544 8.581 (1) 12.965 (1) 7.222 (1) 90.64 (1) 115.94 (1) 87.67 (1)
11924 8.582 (1) 12.964 (1) 7.225 (1) 90.65 (1) 115.93 (1) 87.68 (1)
A cn 8.145 (1) 12.804 (1) 7.1601 (6) 94.263 (1) 116.61 (1) 87.886 (1)
CLBR 8.1387 (7) 12.797 (1) 7.1585 (5) 94.236 (7) 116.62 (1) 87.710 (6)

For dilute dipolar nuclei, as is here the case for the 29Gj nucleus, NMR records different
degrees of high structural order using the spectroscopic properties of the resonances of the
constituent atoms, in particular the line width. This parameter reveals a distribution in
values of the chemical shifts, which correspond to the distribution of T-O-T angles in the
structure. Figure 23 shows the small but important differences in NMR spectra between
the two specimens of “X-ray low microcline”, which seemed to be almost identical by XRD
(Figure 22a,b).

Table 11. The NMR parameters of the simulation of the 2°Si spectra in specimens 9544 and 11924,
“X-ray low microcline” (LM) variant, at 9.4 T.

Specimen 9544 Specimen 11924
Sites 8 (ppm) Iw (ppm) Area (%) S (ppm) 1w (ppm) Area (%)
Tym —95.2 1.1 33.1 :gg; 83 igg
T,0 —97.7 1.1 33.1 :ggj 81; };:8
Tim ~100.9 11 33.8 jg?:g 8;; 12:?

Note: Voigt curves at xG/(1 — x)L = 0.7 in all cases.

The 2Si spectrum of specimen 9544 at 9.4 T (Figure 23a) is composed of three res-
onances that can be simulated with three Voigt curves of similar area and line width
corresponding to the three sites, labeled Tym, T,O and T,m, occupied with Si atoms
(Table 11). This agrees with the conventional lattice model for low microcline with C1
symmetry. The 2°Si spectrum of specimen 11924 at 9.4 T (Figure 23b) shows the same three
resonances but with a heterogeneous character of the Tom site and clearly split TO and
Tym sites (Figure 23a, Table 11), i.e., in the two (35i,1Al) chemical environments of the
Si atoms.

At 9.4 T, similar differences are found in specimen CJ1, with three Voigt curves
(Figure 24a) compared to specimen CLBR, where again there is a clear split in the resonances
related to the two (35i,1Al) sites (Figure 24b, Table 12). The doublets are separated by
0.5 ppm for Si in Tom (25i,2Al) and Tim (35i,1Al) and 0.6 ppm for Si in T,0 (35i,1Al) in
the K-feldspar and 0.3 ppm for Si atoms in Tom (25i,2Al) and 0.4 ppm for Si atoms in
Tym (35i,1Al) and T,O (3Si,1Al) in the Na-feldspar. These values are slightly lower than
0.65 ppm found in the split signals for Si atoms in the ?°Si spectrum of a high-quality
specimen of petalite LiAlSifsO1¢ with (35i,1Al) environments [22]. The 2si single-pulse (SP)
spectrum without 27 Al decoupling of specimen CLBR at 17.6 T shows lower line widths for
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the six resonances and also slightly lower splittings for each doublet (Figure 24c). However,
when a multi-pulse (MP) sequence is applied for decoupling of spin 1/2 and half-integer
quadrupolar nuclei [113], in our case between 29Gj and % Al nuclei at 17.6 T, to remove the ]
coupling arising from 2] (Si,Al), the peak splittings disappear and only one single resonance
is resolved for each tetrahedral sites, as shown in the 2°Si{*’ Al} MP 2’ Al decoupling MAS
NMR spectrum in Figure 24d. Moreover, the 2Si{*’ Al} 1D R-INEPT MAS NMR spectrum
of this specimen at 17.6 T (Figure 24e) shows even finer resonances and the peak splitting
of the ToO and Tym sites has disappeared, whereas it is still resolved for the T,m site.
It is important to note that in this spectrum, the number of peaks is coincident with the
number of Al atoms in the Q* environment of the sites, i.e., 2Al for T,m, 1Al for T,O and
1Al for Tym.

@ KAISi,O, (X-ray "low microcline”)

94T T,0 (38i,1Al)
T,m (2Si,2Al) ; : Ir,m (3Si,1Al)

-100 -105

*Si chemical shift (ppm) at 9.4 T

Figure 23. The 2°Si MAS NMR spectra of K-feldspar in the “X-ray microcline” variant at 9.4 T.
(a) Specimen 9544, spectral simulations require three components for Si atoms at Tym, ToO and ToM
sites, rotor 4 mm, pulse 4 ps, v, = 10 kHz, recycling delay of 1800 s. (b) Specimen 11924, spectral
simulations require three components (three doublets) for Si atoms at Tym, T,O and T,M sites, rotor
4 mm, pulse 0.5 ps, vy = 14 kHz, recycling delay of 45 s. See text and Table 11 for explanations.

Table 12. The NMR parameters of the simulation of the 2°Si spectra in specimens CJ1 and CLBR,
“X-ray low albite” (LA) variant, at 9.4 T and 17.6 T (see Figure 24).

Specimen CJ1 Specimen CLBR Specimen CLBR Specimen CLBR Specimen CLBR
SP MAS NMR SP MAS NMR SP MAS NMR MP ?’ Al Decoupling 298i{*’ Al} 1D R-INEPT
at94T at94T at17.6 T MAS NMR at17.6 T MAS NMR at 17.6
Sites ) Iw Area ) Iw Area 5 Iw Area ) 1w Area 3 1w Area
Tom —925 0.5 16.7 —92.5 0.3 16.0 —92.6 0.2 19.7
@si2al) %6 12 330 g8 o5 167 -7 03 161 020 03 320 g5 g2 174
T,0 —96.6 0.5 16.5 —96.7 0.3 16.2
(381, 1A1) —-9%.9 12 389 _o71 05 167  —969 03 16.8 —96.8 0.3 32,6 —97.0 0.2 325
T —1044 05 16.7 —1044 03 17.3
(351131) -1046 12 331 _0'c o5 167 1046 03 17e —l045 03 354  —1047 02 30.4

Note: Voigt curves at xG/(1 — X)L = 0.7 in all cases. SP single-pulse sequence, MP multi-pulse sequence. § in ppm,
Iw in ppm, Area in %.
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Figure 24. The 2°Si MAS NMR spectra of Na-feldspar in the “X-ray albite” variant. (a) Single pulse
spectrum in specimen CJ1 at 9.4 T, 4.0 mm rotor, using a recycle delay of 45 s, pulse 0.5 ps and
vy = 14.3 kHz. (b) Single pulse spectrum in specimen CLBR at 9.4 T, 4.0 mm rotor, using a recycle
delay of 90 s, pulse 0.5 ps and vy = 14.3 kHz. (c) ?Si SP-MAS NMR at 17.6 T in specimen CLBR, 4.0
mm rotor, using a recycle delay of 180 s, pulse 1.4 us, and v, = 10 kHz. (d) 2°Si{?” Al} MP decoupling
in specimen CLBR at 17.6 T, 4.0 mm rotor, using a recycle delay of 180 s, {90}30 ps, pulse 1.4 ps and
vy = 10 kHz. (e) °Si{*’ Al} 1D R-INEPT spectrum at 17.6 T, vy = 14 kHz, 4.0 mm rotor, recycle delay of
20 s, pulses {12.1}12.5 us, v,¢ = {2.77}2.60 kHz. See text and Table 12 for explanations.

Thus, when the highest-quality specimens of “X-ray low microcline” are examined
with 2Si NMR, the spectrum can be simulated with six signals as three doublets, arising
from a scalar J-coupling with ~34 + 3 Hz, ~44 + 3 Hz and 38 £ 3 Hz for Tom, T,O and
Tym sites, respectively. For the “X-ray low albite” in specimen CLBR, these values are
~22 £ 3 Hz, ~33 £ 3 Hz and 32 £ 3 Hz for Tom, T,O and Tim sites, respectively. In the
case of petalite, the 2%Si spectra between 7.05 T and 20 T reveal a ] coupling of 41 4- 3 Hz,
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as the splitting is constant in these units, and the splitting disappears under 2Si{*’ Al}
cross-polarization [22].

The origin of these doublets is still unclear, as the coupling of ?°Si (I = %, natural
abundance ~4 %) with 2’ Al (I = 5/2) should involve a 1:1:1:1:1:1 sextet in the liquid state,
but a 1:1 doublet is experimentally observed in the solid state (Figure 24). As an alternative
explanation, the splittings in these NMR spectra could be explained from structurally
similar sites that are no longer magnetically equivalent owing to lowered symmetry. In the
case of alkali feldspars, detailed single-crystal X-ray diffraction experiments (unpublished
data) have been performed by Prof. Javier Zufiga (UPV/EHU) on specimen CLBR, with
no evidence of a lower symmetry than C1 in this specimen. The lower splittings at a
higher external magnetic field (17.6 T), the elimination of the splittings by using a MP 27 Al
decoupling sequence, and the partial elimination of those splittings in the 2Si{*’ Al} 1D
R-INEPT spectrum at 17.6 T (Figure 24) indicate artifacts from ] couplings, rather than site
splittings from lower symmetry in these specimens.

The study of quadrupolar nuclei (here, 2’ Al, 3K and 23Na) at external magnetic
fields, in which the resonances are broadened with a quadrupolar profile because of the
quadrupolar interaction, allows the determination of the quadrupolar parameters, if the
structures are fully ordered and thus with narrow distributions of the chemical shifts. A
resonance with a well-defined quadrupolar profile is an indication of atomic order, i.e., all
the atomic constituents have a close chemical environment in terms of surrounding atomic
elements and bond distances. However, at ultrahigh external magnetic fields (i.e., at 35.2
T), the quadrupolar broadening is cancelled, as the second-order quadrupolar broadening
is proportional to 1/By for the Cq values existing in alkali feldspars, resulting in spectra
that show only distributions in the chemical shifts.

Figure 25a shows the 2 Al MAS NMR spectra of specimen 11924 at two magnetic fields.
At 9.4 T, the quadrupolar profile has been simulated with a resonance at c.g. = 53.0 ppm,
diso = 59.0 ppm, Cq = 3.21 MHz and n = 0.25 for Al atoms located at the T;O site. At35.2 T,
the quadrupolar interaction has been almost totally cancelled, and only a resonance remains
that can be simulated with a Voigt curve (xG/(1 — x)L =0.7) at c.g. = j50 = 58.6 ppm with
a 1.1 ppm line width as an expression of a fine distribution of the chemical shift values of
the Al atoms at this site. The comparison of the 2 Al MAS spectra at 35.2 T with the 7 Al
MQMAS in the 1D isotropic dimension at 35.2 T (not shown) shows that the two spectra
are almost equal and suggests a similar reduction of the quadrupolar shift and broadening.
The % Al MQMAS NMR spectrum of specimen 9544 (Figure 11b) shows a 45, = 59.7 ppm
in the isotropic dimension. Note that Iw ~ 1 ppm is actually a value similar to that found in
the 2%Si spectrum of the same specimen, which is also close to the estimated experimental
uncertainty in these NMR spectra.

Figure 25b displays the 2 Al MAS NMR spectra of specimen CLBR at four magnetic
fields (9.4 T,17.6 T, 19.6 T and 35.2 T), and the corresponding spectral simulations (Table 13).
These simulations give rise to very similar NMR parameters; they are consistent with the
suggestion that for a Cq ~3.2 MHz, at 35.2 T the quadrupolar broadening is cancelled.

Table 13. NMR parameters from the simulation of the 2/ Al spectra of specimen CLBR at four external
magnetic fields (Bp).

By c.g. (ppm) Siso (ppm) Co (MHz) n Iw
94T 56.4 63.0 3.22 0.65 -
176 T 61.5 63.3 3.32 0.65 -
196T 61.6 62.9 3.18 0.65 -
352T 63.0 - - - 1.0

Note: At 35.2 T, a single Voigt curve (xG/(1 — x)L = 0.7) was used.
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Figure 25. (a) The 7 Al MAS spectra (exp) of specimen 11924 of “X-ray low microcline” at 9.4 T (red)
and at 35.2 T (black), with simulations (sim) as dotted curves below. (b) The 2’ Al MAS spectra (exp)
of specimen CLBR of “X-ray low albite” at 9.4 T and v, = 12.8 kHz (red), at 17.6 T and v, = 30 kHz
(green), at 19.6 T and v, = 10 kHz (blue) and at 35.2 T, v, = 12.5 kHz (black curve); * for the transition
3/2 recorded at 9.4 T in the two specimens; Al atoms in T; O site are recorded. See Figure 1 for the
experimental conditions of the 27 Al spectra at 35.2 T; ref. [4] for the spectra at 9.4 T; 4 mm rotor, pulses
of 0.5 us, vy = 10 kHz and a recycle delay of 2 s for the spectrum at 19.6 T; 4 mm rotor, pulses of 8 ps,
vr = 30 kHz and a recycle delay of 30 s for the spectrum at 17.6 T.

These values reveal the highest degree of order in specimens 11924 and CLBR, as the
distribution in the chemical shifts is very narrow for the Al atoms with ~1 ppm of line
width. The two mineral species also have a similar Cq ~3.2 MHz. Hence the difference of
4 ppm in the d;5, value between LM and LA minerals is related to different shielding from
a slightly different geometry among tetrahedra due to different alkali cations at the M site,
which is also highlighted in the different 1 values.

Figure 26a displays the K spectrum of specimen 11924, in which a single M site for
of K atoms was found. This resonance can be simulated with a quadrupolar profile that
can be simulated with a c.g. = —82.3 ppm, 8;5, = —4.9 ppm, Cq = 1.9 MHz and n = 0.88.
Figure 26b shows the 2*Na spectrum of specimen CLBR at 9.4 T and 19.6 T, where a single
M site for Na atoms was resolved, with very similar NMR parameters from the spectral
simulations (Table 14).

Table 14. NMR parameters from the simulation of the 2>Na spectra of specimen CLBR at three
external magnetic fields (By).

By c.g. (ppm) Siso (ppm) Cq (MHz) n

94T —24.2 -8.7 2.59 0.25
196T —13.0 -9.2 2.64 0.28
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Figure 26. (a) The 3K MAS NMR spectrum of specimen 11924 at 19.6 T. The K atoms occupy a single
M; site, as inferred from the C1 lattice model of the “X-ray low microcline” variant of KAISizOs.
(b) The 22Na MAS NMR spectrum of specimen CLBR at 9.4 T (red) and 19.6 T (blue) for Na atoms at
a single Mj site, as inferred from the C1 lattice model of the “X-ray low albite” variant of NaAlSi3Os.
See reference [4] for the experimental procedure for the spectra at 9.4 T and 19.6 T; v; = 10 kHz,
recycle delay of 2 s, using a 3 s excitation pulse and 4 mm rotor for the 2>Na spectrum at 19.6 T.

These NMR parameters are consistent with the available simulations of the NMR
spectra of ordered alkali feldspars in the literature [4,114]. The well-defined quadrupolar
parameters of these spectra, and the almost identical simulations in different magnetic
fields, indicate that these specimens have most of the alkali atoms at a single site, with
very well-defined spectroscopic parameters. In other words, alkali atoms are located in
well-defined spectroscopically distinct sites, which are very different from atoms located at
sites with distributions in the NMR parameters. It has been shown that the disordering of
the Si,Al distribution is linked to the formation of half-sites for the cavity cations, indicating
that the state of order—disorder is not only related to atomic diffusion at the tetrahedral
sites, but it is a polyatomic phenomenon in which local compensation of charges plays an
essential role, with specific Si-Al-(K,Na) configurations at the medium-range scale [4,5].

Therefore, in some way, only special specimens of alkali feldspar with a fully ordered
structure are close to the concept of a “perfect crystal” as presented in traditional crystal-
lography. Only in these particular cases, the short-range and medium-range polyatomic
arrangements are periodically reproduced by translational symmetry along the three di-
mensions of space, to give rise to total long-range order. This type of order is simply
a monotonous repetition of the same ordered motif of atoms without the formation of
domains in different orientations (twins) or other interruptions of the atomic correlations.
Where such a high regularity and repetitiveness of the same local order exists, the atomic
schemes can be inferred from the lattice model by using averaging procedures and with the
available resolving power of the RSTs. In this case, the well-defined framework topology
and bond distances of these lattice models in the fully ordered alkali aluminosilicates can
perhaps be used to interpret the origin of such specific configurations of atoms that are
formed so commonly in nature. Note that a similar order appears in other specimens and
mineral species with a much lower degree of long-range order, i.e., as site distributions, as
has been shown in moonstone.

5. Discussion
5.1. The Structures in Solids from the Perspective of Different Experimental Techniques

By using goniometry, it is only possible to distinguish crystalline morphological units
as euhedral solids with external shapes at the macroscopic scale from amorphous (anhedral)
materials or solids without an external geometrical form. After X-ray diffraction methods
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appeared, this sharp duality was inherited and maintained; in crystalline compounds, Bragg
peaks are evident, and in non-crystalline compounds they are absent. After that discovery,
crystals definitely became mathematical objects for many investigators. The discovery of
exsolution phenomena in Sri Lanka moonstone in Laue photographs with double diffraction
spots by Shukusuké K6zu and Yoshitoshi Endd was totally unexpected and subsequently
described as the foundation of “Kristallpathologie” [115,116]. Later, in connection with
the observation of diffuse scattering in minerals and a discussion of the existing literature,
Fritz Laves [64] reviewed the lack of homogeneity in minerals previously described as
“perfect crystals” or crystals with minor and homogeneous perturbations. Labradorite and
moonstone were described as an intimate mixture of phases with contrasting chemical
formulae and mineral structures. These difficulties facing structural determinations were
already addressed in the middle of the last century by some investigators. For instance, in
1965 or so, Heinz Jagodzinski indicated that condensed matter forms a continuous series of
(order-disorder) states, ranging from amorphous materials to nearly perfect crystals, later
hinting that traditional crystallography was already antiquated in the 21st century [117].

Diffuse scattering and related crystalline heterogeneities are better observed by means
of electron-diffraction experiments and transmission electron microscopy. Three “aperiodic”
crystals were defined: incommensurately modulated crystals, incommensurate composite
crystals and intergrowth compounds [118], in addition to quasiperiodic crystals or qua-
sicrystals [119]. One may ask: is the concept of “space group” valid and to what extent is
it necessary if applied to disordered structures [120], i.e., in aperiodic structures? Many
of these compounds have been described by means of the “average structure” concept, a
way in which “real aperiodic minerals” are converted into “ideal periodic crystals”. Some
of the essential information at the local scale is thus lost, at the cost of implementing a
non-existent space group in the strict sense.

The previously suggested sequence of progressive order between a wide series of
order-disorder states, where initial chemical mixtures can evolve step-by-step (following
Ostwald’s rule) to give rise contingently to fully ordered structures, has not been previ-
ously presented and explained in that way. The reason may be the limited capabilities of
resolving power in other experimental techniques, particularly if focused at the local scale.
Moreover, the concept of a mathematical crystal, which may exist in perfect crystals and
fully ordered structures, has been applied to any solid and stone with a euhedral shape
and diffraction peaks.

As has been shown in the previous examples, just as reciprocal space techniques (RSTs)
perceive no signs of order at various scales in amorphous glass because Bragg peaks are
absent, they perceive too much long-range order once the Bragg peaks suddenly appear. It
is frequently assumed that this long-range order results from the monotonous repetition of
the same short-range order schemes. As a paradigmatic example, consider the structures
formed from an amorphous precursor. As a consequence of Ostwald’s rule, or its expression
as Goldsmith’s principle of simplexity (i.e., simplicity), its crystallization gives rise to
the formation of non-stoichiometric homogeneous structures, appearing as intermediate
members of solid-solution series with a high degree of chemical disorder. However, their
description by diffractometric and spectroscopic methods differs substantially. If these
structures are examined by RSTs, they are described with a strict periodicity, space-group
symmetry and strict crystallographic sites according to the mathematical approach of
the lattice model. This approach has been possible because of the implementation of the
ambiguous concept of “positional disorder”. Then, modifications of the expected position of
an atom are imposed, with respect to the exact node that corresponds to periodic correlations,
although one assumes that a strict periodicity still exists, is preserved and is not lost.

The NMR methods do not perceive such an abrupt structural change between pre-
cursors and the first product of their crystallization; so much disorder does not exist in
the amorphous precursors, nor does so much order exist in the first products of crystal-
lization. In those first products examined by NMR, the resolved spectroscopically distinct
site-distributions can differ markedly from the expected crystallographically distinct sites,
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as in sanidine KAISizOs. In fact, sanidine may be seen as a “stone with flat surfaces”,
instead of a “crystal” with lattice symmetry and periodicity such as occurs in the “X-ray
microcline” variant. Furthermore, more structural sites may appear than expected from the
lattice model (as in NaBOy;). Therefore, from the NMR point of view, “positional disorder”
appears to be or could be interpreted as an ad hoc implementation, to preserve the main
axiom of the lattice model. Hence, periodicity seems to be an essential a priori character
that must be preserved in any case. With this apparent relaxation of the mathematical
periodicity, the lack of strict periodicity in the aforementioned structures is hidden or, in
other words, a real pseudoperiodicity is omitted in order to impose an ideal periodicity
and a space group.

It is clear, however, that small deviations in stoichiometry and in local geometry
introduced by additional elements (unexpected from the anticipated chemical formula),
as needed for local compensation of charges, and structural modifications due to strain,
have very large effects on the long-range order; these are not appropriately recorded by
RSTs. In these cases, it is not possible to solve real structural measurements in terms of
bond distances and bond angles using average values. There are important changes in local
geometry compared to stoichiometric and ordered compounds, changes that are ignored
in an average measurement, as in the case of beryl-group minerals. Consequently, we
suggest that the large structural gap imagined between amorphous precursors and their
first crystalline products inferred by RSTs is a misunderstanding due to the character of the
experimental method.

The difficulties of RSTs are particularly evident in the structural characterization
of heterogeneous crystalline intergrowths at the mesoscale with size domains close to
the dimension for coherent diffraction, as has been shown in the case of labradorite and
moonstone. If the method of average structures is used, the lattice models they produce
are clearly inadequate. The similar local structures found in many different specimens
of labradorite for compositions close to AnsgAbsg, or NaCaAl3Si5Oq¢, taken as the most
common composition among intermediate plagioclases in nature, again demonstrate the
importance of local compensation of charges in pseudostoichiometric compounds. That
apparently simple composition is actually extremely complex; the Si:Al ratio of 5:3 is
fictitious at the local scale. On cooling, a transformation in the precursor leads to the (meta)
stable coexistence of p; and p; plagioclases.

All of these previously noted difficulties in the characterization of solids by conven-
tional RSTs and the appearance of a wide diversity of order-disorder structural states
by NMR spectroscopy raise questions about the universally accepted but never proven
hypothesis that explains the internal order of crystals by “periodic filling of space”. Ac-
tually, this explanation does not only refer to ionic crystals, but is a universally accepted
explanation for the origin of internal order in crystals. It is found to be useful to define
what a “crystal” is [118], and it thus includes ionic, covalent and metallic compounds. This
explanation was complemented with a model for crystal structures based in the stacking of
solid spheres, which seems reminiscent of Kepler’s ice crystal interpretation and also of
horror vacui. In fact, close-packing of equal spheres, as in face-centered cubic close-packed
and hexagonal close-packed arrays and their derivatives, have been used to describe many
crystal structures in ionic, but also covalent and metallic compounds. In fact, equal (hard)
spheres were also used to explain the dynamic behavior in crystal structures as grain
boundaries, dislocations and the effect of impurity atoms by Bragg and Nye, who used the
bubble model in three-dimensional assemblages [121].

5.2. Diversity in Order-Disorder States in Solids Inferred by NMR and the Role of Electrical Charges

The traditionally labeled “amorphous” solids, such as glasses and gel-like materials,
lack a long-range periodic repetition of unit cells found in fully ordered crystalline solids,
although basic structural arrangements are present throughout the whole extension of
their microscopic network. Those structural features, used from the purely geometric
point of view to describe extended order in inorganic solids, are in contradiction with
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the identification of glasses as amorphous materials. In these disordered solids at the
long-range scale, at least short-range order exists in all cases, forming the first sphere of
coordination or polyhedra.

Through the examples of non-crystalline structures given previously, it can be seen
that different types of order can be resolved in glasses and amorphous materials. To date,
two visions have dominated the scene of structural elucidation in glasses, the random
network model on the one hand, and the crystallite model on the other. In an excellent
recent review by Wright [122], the fundamentals and evolution of the two hypotheses are
presented in terms of the levels of order in the structures of silicate glasses.

The “random network model” ideally describes a purely statistical and homogeneous
distribution of atomic positions, whereas with the “crystallite model”, one assumes that
the glass network is built up of higher-order regions, the so-called “crystallites”, separated
from each other through grain boundaries of some kind. In fact, the latter view has evolved
to a more general one involving cybotactic groupings, which would form a continuum
of regions with differences in order to be characterized by density fluctuations. The term
“cybotactic” is applied here to spatial regions within the glass that present higher order
than their surroundings. Furthermore, the structure of these ordered groupings would
actually resemble that of the crystalline phases of the given compositional system, and
which has been represented in the thermodynamic model of associated solutions [123].

The highly disordered system observed in the KAISi3Og amorphous gel would indeed
represent the type of amorphous solids in which no distinction of individual structural
units can be made, as it is a case of a random and homogeneous distribution of sites. The
large range of site distributions of Si and Al atoms in tetrahedral sites, from Qy, (nAl),
n=0... 4 chemical environments in the second sphere of coordination, does not allow us
to decipher any structural detail at the local scale, as a single broad Gaussian-like resonance
is resolved for Si and Al atoms. Note also that a single and broad Gaussian-like signal is
obtained in the %’ Al spectrum of sanidine at 35.2 T (i.e., where only a site distribution of
chemical shifts is recorded), the first detected crystalline solid to be formed from a glass of
appropriate chemical composition.

Other dipolar nuclei can, however, allow better distinction between bonds of dissimilar
elements through bridging oxygen atoms in glass networks. In aluminophosphate glasses,
for instance, 3'P resonances of phosphorus in P-O-Al bonds can readily be separated
from those with P-O-P bridges only [124]. Not only can P-O-Al bonds be quantified, but
phosphorus—aluminum correlation maps can also produce a medium-range pattern of
structural order. The fact that P-O-Al bonds can be better resolved from P-O-P ones in
phosphates may well be due to the larger differences between P and Al, as compared to Si
and Al

A higher level of order can be introduced where the structural building units are
formed by groupings with different chemical environments, as represented in the 3P
NMR spectra of oxynitride glasses in Figure 2. As oxygen atoms of the POy, units are
replaced by nitrogen, the 3P resonances of the new groups can be clearly resolved. The
new groups are homogeneously distributed throughout the network; several studies point
to a possible separation of nitride domains from oxide ones owing to some anomalous
changes in properties [125,126]. However, even though there is a dependence of phosphorus
speciation on the type of modifier element in the composition, and some clustering cannot
be excluded definitively [36], no sign of microscopic segregation of structurally different
networks has yet been made in these glasses.

Whereas chemically different coordination environments are usually separated in the
element-specific NMR experiments, crystallographically distinct sites cannot be resolved
in the glassy state unless some high degree of local ordering arises even in the absence of
periodicity, as in the case of the KPOj3 glass. A very rapid quench of its melt produced a
sample free of Bragg peaks in its X-ray pattern. In the 3'P NMR spectrum, one is able to
distinguish the two phosphorus sites in the crystalline-like phase of KPO3, with chemical
shifts very similar to the crystallographically distinct sites in the crystalline compound. It
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is the reason why we know that in the glass there are sites with different geometry like in
crystalline structures [37]. It has been traditionally thought that the structure of the glassy
solids resembles that of the liquids from which they are obtained. In the KPO3; melt, whose
structure is assumed to be the one seen in its glass, the level of atomic order at the short
to medium range is so high that crystal formation is thermodynamically very stable and
kinetically allowed, such being the reason for its high rate of crystallization if allowed to
cool down freely. The same is thought to apply in the NaBO, composition, whose glass
has been characterized by !B NMR upon rapid quenching of its melt. In this case, the
structure of the glass is extremely similar to the structure of the crystalline NaBO; from the
NMR point of view. These previous examples allow us to explain the so-called “simplexity
principle of easy crystallization” [28], in terms of a similar local structure in the amorphous
precursor and in the first crystalline phase to be formed after it. This explanation is also
useful to understand why Ostwald’s rule takes place and for the interpretation of the
successive sequences of order-disorder states, invoked in some of the previous examples
and also in feldspars.

In the examples selected in this work, the second sphere of coordination is also
shown to matter in the formation of mineral structures, in addition to the first sphere
of coordination. It occurs in Q4 aluminosilicates and in the layer of tetrahedra of Qs
aluminosilicates, where tetrahedral sites can be occupied either by Si or Al atoms in at
least three different configurations: (i) without restrictions about charge concentrations
at the angstrom scale, allowing for the formation of AI-O-Al bonds in random structures,
where the bulk structure is only controlled by the Si:Al ratio; (ii) with restrictions about
the formation of AI-O-Al bonds where Loewenstein’s rule is obeyed, i.e., in Loewenstein
structures; and (iii) with long-distance restrictions on charge about the proximity of Al
atoms, as in the maximum dispersion of charges (MDC) and homogeneous dispersion
of charges (HDC), that do not give rise to strict long-range order [55]. That is the case in
the example of “X-ray orthoclase” and “valencianite”, i.e., in charge-dispersed structures.
Additional charge restrictions were observed during the transformation of disordered
structures such as sanidine into more ordered structures such as microcline, throughout
the coexistence of many orientation variants and their crossovers like in orthoclase and
also during the crystallization at low temperatures in hydrothermal conditions like in
“valencianite”, with one Al atom per four-membered ring with a favored sequence of “ . ..
1-1-1-1 ... ” rings [4]. In these cases, the charge dispersions can involve more than the
second sphere of coordination.

However, by considering the dispersion of charges including only valence electrons or
outer-shell electrons, it is not possible to explain the formation strictly periodic structures,
as in the case of the end-member and fully ordered alkali feldspars. In the case of the “X-ray
low albite” and “X-ray low microcline” variants, the local structure consists of chains of
four-membered rings of tetrahedral sites with two or zero Al atoms per ring, and then a
strictly periodic sequence of “ ... 2-0-2-0 ... ” rings are favored, which cannot be explained
if charge dispersion is mandatory. Actually, the formation of “X-ray low microcline” after
orthoclase is commonly produced by a dissolution and recrystallization process [127], or a
dry recrystallization mechanism as in avalanche-like units [79], and not by a continuous
atom-by-atom growth process of order after disorder. It implies that additional causes
involving the valence electrons must be at work to produce the ordered structures, in which
a very particular atomic configuration at the local order is uniformly reproduced up to the
macroscopic scale.

New physical explanations are needed, regardless of the experimental technique used
to collect the essential facts to be explained. These new explanations may be derived
from mineral structures with a low symmetry, as in fully ordered alkali feldspars with
end-member compositions, instead of highly symmetric and simple crystals described with
rigid spherical atoms. Here, we use the structural data from “perfect crystals” established
by RSTs, which are totally coincident with “fully ordered structures” by NMR, as in “X-ray
low microcline” and “X-ray low albite” occurs. In this case, the same local atomic order
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is regularly repeated throughout the three dimensions of space without changes to form
homogeneous volumes larger than the size scale of coherent X-ray diffraction.

The local structures inferred from NMR spectra are identical to the unit-cell configura-
tions deduced from the lattice models. Fully ordered structures in alkali feldspars have a
primitive cell P1 (although it was described as a C1 cell in alkali feldspars by convention in
order to compare it with the archetype C2/m structure) with an inversion center 1 as the
only symmetry element. However, one should expect a more symmetrical shape of the M
site, if a spherical shape is suggested from the atomic configuration of alkali ions, and thus
a higher symmetry in the overall structure, particularly at the K site, as occurs in many
cubic aluminosilicate zeolites. It is important to note that the density of “X-ray low albite”
(~2.613 g/cm?) is larger than that of “X-ray low microcline” (~2.557 g/cm?), as also inferred
from differential Rayleigh scattering [108], although K is heavier than Na. It seems that the
topology of the tetrahedral framework in feldspars is better coupled to the “non-spherical
shape” of the Na atom than to that of the K atom, i.e., it fits like a glove on the hand. This is
also correlated with the general observation that fully ordered end-members in nature are
extremely common in Na-feldspar but extremely rare in K-feldspar.

All of these data indicate that the shape of the cavity site plays a crucial role in the
geometry and symmetry of the topology in feldspar structures. The general description
that regards alkali ions as “hard” ionic spherical species, with an ionic radius, is clearly
insufficient. These are not unstable “rattle cations” but foundations, pillars or basic sup-
portson which the fully ordered structure is built. Although is impossible to distinguish
any possible cationic “shape” from the shape of the cavity site itself (which is directly
related to the feldspar topology), we suggest that the “shape” of the alkali cations (i.e., the
electron density distributions) dictates the shape of cavity, and not from an a priori assumed
spherical shape with ionic character. As feldspars are so ubiquitous, we can ask why such a
particular topological shape is so common in nature.

An answer to this question could be provided in Figure 27. It shows a general
relationship between the distances between alkalis (Na, K, and Rb) or Ca with oxygen atoms
in the cavity sites of the feldspar structures (calculated from the structure determinations
from XRD in the literature (Figure 27a) and from the computer simulations (Figure 27b)
of the same structures); these are shown with the values of the ionization energies of
these elements [128] occupying the cavity sites. Linear correlations with approximately
parallel lines are found, with a high internal graphical consistency for the whole family
of compounds, when using the number of oxygen atoms in the polyhedral coordination,
five for Na atoms in low albite, seven for K atoms in low microcline. This picture can
be complemented by using the same relationship in P1 anorthite with six oxygen atoms,
and in RbAlSi3;Og with seven oxygen atoms, as in KAISi3Og. The separation between the
straight lines corresponds approximately to the difference in ionic radii. The line from
fully ordered low albite C1 is almost coincident with that of fully ordered P1 anorthite, in
which the Ca—O distances for the four sites involving Ca have been averaged. Note that the
best correlations also occur in the Na-feldspar. Hence, a “soft” covalent-like non-spherical
character is inferred for these cations in the cavity M site.

If we impose strict periodicity in pseudoperiodic disordered structures in feldspars
from average measurements by RSTs, these correlations are much less obvious because they
have a much lower linearity. These representations of fully ordered structures are definitely
inconsistent with a spherical shape for cavity cations and the site they occupy in the crystal
structure. It is clear that the atomic organizations of disordered compounds are derived
from the local compensation of electrical charges, involving mainly the valence electrons of
the last shell, as defined by conventional oxidation stages. We here suggest that electrical
charges and energies of the s electron and p electrons of alkali elements and Ca atoms in the
cavity-site cations are responsible for the shape in the feldspar topology formed by oxygen
and the framework cations; by extension, they also control the formation of long-range
atomic correlations giving rise to perfect crystals, where simple charge dispersion criteria
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do not work. If this interpretation is correct, the effect of inner-shell electrons should also
be considered to understand fully ordered structures.

Structures after single-crystal XRD data from literature
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Figure 27. Relationship between the cation-oxygen distances of the cavity cations with their ioniza-
tion energies, with values from [128]; (a) RbAlSi3Og with a C2/m symmetry from [129]; KAISi3Og
with low microcline C1 symmetry from [112]; NaAlSizOg with low albite C1 symmetry from [130];
CaAl,Si,Og (Anygg from Val Pesmeda, Monzoni Mountains, Italy) with primitive anorthite P1 sym-
metry from [131]. A single curve was obtained from the average of the four sites of Ca atoms. (b) The
same applies to structures from computer simulations in [132]. For each linear plot, we provide

the r value or regression coefficient and the x( value; « is the line slope, and s.d. are the standard
deviations. The effective ionic radii are for the expected number of oxygen atoms in the coordination

polyhedron, from [133].
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The suggestion that alkali atoms in the cavity site of alkali feldspars cannot be ex-
plained by spherical atoms is in some ways predictable, if we take into account the volumi-
nous available literature on non-spherical (charge density distributions) atoms, bond paths
and bonded radii [134,135]. However, bonded radii are mainly described in the literature
for electronegative atoms as oxygen. What is new here is a similar description for the
“shape” of alkali atoms and Ca in the cavity M sites of the feldspar structure to produce
the robustness of Figure 27 with such linear regressions, where r is in excess of 0.94 (up to
r = 0.99 for the structure of “X-ray low albite” from computer simulations) to explain the
shape of the framework topology of feldspars. It is also a novelty to suggest that there may
be a connection between these correlations and the formation of fully ordered structures.
Those correlations may simply be a fortuitous mathematical accident, or alternatively they
may have a physical meaning, for instance the one that has been suggested here. From these
correlations, it does not necessarily follow that inner electrons of alkali atoms participate
in the shape of the cavity site, but it is a hypothesis that should be studied in detail in the
future. If proven, it will imply that total chemical order, in strictly periodic structures with
perfect long-range atomic order, does not develop only as a consequence of the low-energy
external features of electronic structures of atoms, but also from the high energy within.

5.3. What Are Mineral Structures from the NMR Perspective

Minerals are currently described as crystalline if they have an atomic order on a scale
that can produce an indexable diffraction pattern when the substance is traversed by a
wave of a suitable radiation wavelength [110]. Some investigators are reluctant to accept
that amorphous substances are minerals because of the difficulty in determining whether
the substance is a true chemical compound or a mixture of several compounds [110], i.e., in
using conventional techniques such as XRD and EMPA. Note that under this experimental
perspective, a “true chemical compound” is referred to as a “stoichiometric compound”,
and thus chemical elements unexpected from the ideal chemical formula are considered
simply as imperfections or impurities relative to a certain perfect and pure a priori model.
This is the reason why some mineralogists prefer to label such different solids “miner-
aloids”. Similar difficulties were found in the terminology of the intermediate members of
solid-solutions series, as no defined and fixed stoichiometric formulae have been found.
For instance, the IMA list of mineral species of 2009 included the traditional names of the
intermediate plagioclases in addition to the end-members of albite and anorthite. Since
the IMA list of 2012, those names have been removed. In the same way, it has been sug-
gested that a dominant end-member formula can always be written for a crystal structure
or a mineral [136], an idea that has been recently justified by ontological-metaphysical
arguments [137].

Currently, as no official and precise definition for the word “mineral” exists, we
have to infer what a mineral is from the accepted terms of “mineral species” in the IMA
list, which is basically an approach from the perspective of the experimental capacities
and resolving power of XRD and EMPA techniques. With some exceptions, two or more
phases of a chemical composition are considered to be the same mineral species. For
instance, a-cristobalite and B-cristobalite are not distinguished. The current procedure in
the nomenclature of minerals consists mainly to correlate what we find in nature with what
is supposed to be the ideal chemical formulae for a certain mineral species. However, at
this macroscopic scale, most available minerals (and particularly most common minerals)
actually seem to be singularities. In other words, when textures, microstructures and
structures are considered in addition to chemical composition, each specimen seems to be
unique. In addition, most experimentally determined chemical compositions in common
minerals do not match easily that of the approved mineral species and their expected
compositions as stoichiometric compounds. Together, all of these proposals suggest that
the term “mineral” must be restricted to certain naturally occurring solids that have “a
defined chemical composition”; the mineral names are thus becoming fully equivalent to
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particular chemical formulae. Perhaps they are simply redundant and unnecessary terms
in comparison to a more informative chemical formula.

However, when we observe minerals at the microscopic and optical scales, we find
that they are not simply chemical compounds, as they have microtextures inherited from
exsolution processes [138]. Minerals also have microstructures or twin patterns inherited
from transformations and recrystallization derived from order—disorder phenomena, as a
structured dynamic medium behaving as a “complex system” [78,79]. Nowadays, there
still exists a strong contrast between “ideal” and “real” approaches to describe the essential
features of minerals, just as is the case with crystals.

Therefore, we have a sharp split between the real structures that occur in mineral
specimens in nature studied by NMR, and the ideal lattices and chemical formulae that are
anticipated by the conventional meaning of the “crystal” and “minerals species” concepts.
Where a natural solid does not agree with those preconceptions, the current attitude is to
eliminate the terms from the lists, as in intermediate plagioclases. Perhaps it would be
wisest to preserve those old terms of mineral systematics, which have been so useful in
scientific communications, but with additional nuances and novelties from new discoveries.

An alternative approach is derived from the variability of our experimental capabilities
to study structures in the solid state and also the concepts used to understand and explain
such experiments. As has been shown, the fundamental characteristics to be explained
change with the nature of the experimental measurements obtained, as well as the neces-
sary concepts to carry it out. By using NMR, we have empirically recorded a wide and
continuous diversity in order—disorder states, between amorphous materials and glasses
or mineraloids, and minerals with fully ordered structures at the different length-scales.
This approach should be called the study of NMR mineral structures of the solid state, and
it opens the possibility to develop the science of NMR mineralogy. Definitely, it is only a
question of scale. In the same way as there are several minerals in a rock, there are often
several NMR mineral structures in common mineral species, whether or not they have a
recommended name.

6. Conclusions

The perception of the fundamental features in structures of the solid state changes with
the resolving power of the experimental technique, giving rise to different perspectives
of understanding. From the point of view of NMR, a continuous sequence of progres-
sive long-range order at the local scale has been established by using examples of gels,
glasses and products of their crystallization, beryl-group minerals, and feldspar-group
minerals. Ostwald’s step rule of successive reactions is now explained by the similarity
at the local scale from NMR data between immediately successive structural stages, i.e.,
in structures apparently very different such as glasses and crystals from data obtained by
other experimental techniques.

Amorphous materials are shown to comprise a large variety of locally structured
domains. Although not present with long-range periodicity, they constitute the building
units that are repeated throughout the whole network. In particular, the elucidation of
the structure of glasses can be considered to be far beyond Zachariasen’s postulates. New
hypotheses should arise, involving not only the atomistic models but also considerations
of the thermodynamic stability of cybotactic groupings, with structures similar to their
crystalline counterparts.

The intermediate members of solid-solution series and order-disorder series are strictly
aperiodic structures, and thus disordered at the long-range scale. Their atomic structures
differ very markedly from those of the end-members, despite appearance from the RSTs
data. The degree of order at the local scale in these long-range disordered glassy and
crystalline solids, either with stoichiometric or non-stoichiometric compositions, is ruled
by the local compensation of electrical charges (first sphere of coordination). In addition,
charge restrictions occur from charge-dispersion criteria at moderate and large distances
(second sphere of coordination), if considering only valence charges.
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These criteria do not explain the formation of fully ordered structures in feldspars. We
propose that the s and p electrons of the alkali cations and Ca located at the M site are involved
in bonds with the oxygen anions that form this cavity. The ionization potentials of the M
cations correlate linearly with the cation-anion bond distances, if only the number of oxygen
atoms that form the coordination polyhedra is considered. The electronic structure of the
cavity cations imposes a restriction on the shape of the structural cavity in which they are
allocated. Therefore, they are also responsible for the topology of the framework of tetrahedra.

Many minerals have complex structures and intergrowths beyond the limits of resolu-
tion of conventional RSTs and EMPA, but NMR allows a certain structural determination
of the coexisting local structures, in stoichiometric and non-stoichiometric compounds.
The NMR techniques may thus allow for the discrimination of mineral structures at the
local scale, giving rise to medium-range polyatomic organizations. This approach opens
the possibility for the study of amorphous materials together with crystalline mineral
structures in the same conceptual framework, i.e., from the NMR Mineralogy perspective.
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