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Abstract.

A detailed microscopic study of sepiolite and palygorskite natural samples reveals that,
independently of the fiber length, they all are composed of other minor width fibers until the
minor units or the true crystals. They are prismatic crystals elongated along [001] with thombus-
like morphology in cross-section, designated laths. Although their length can vary greatly, their

width is always nanometric (~10-30 nm). The laths are grouped in a crystallographic
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arrangement, sharing edges or faces forming rods. Several rods, parallel to the c-axis of the fiber,
form bundles. The laths are the smallest stable nucleated crystals. After the nucleation, the
process of growth continues via a non-classic crystal growth mechanism, (aggregation of the
nanolaths). Subsequently, the aggregated sepiolite and palygorskite natural crystals can continue
growing, along the c-axis at the expense of the diffusion of molecular scale species throughout

the solution. The morphology of the faces is controlled by the highly different attachment energy

of the faces.

Keywords: sepiolite, palygorskite, polysomatic series, non-classic nucleation, oriented

aggregation, mesocrystals, electron microscopy, crystal growth.

I ntroduction

Research examining the properties and behaviors of the fibrous clay minerals sepiolite and
palygorskite is important to both materials and earth sciences. Sepiolite and palygorskite have played
and continue to play very important roles in a huge number of industrial processes (Alvarez 1984;
Jones and Galan 1991; Murray 1999; Alvarez et al. 2011). Humanity has used sepiolite and
palygorskite since ancient times in pharmaceutical products and cosmetics (Cornejo 1990;
Carretero2002; Lopez-Galindo and Viseras 2004; Carretero et al. 2006) due to their colloidal size and
crystalline structure. Hybrid nanomaterials based on sepiolite and palygorskite have been known for
several centuries, such as Maya blue pigment (Sanchez del Rio et al. 2011). In addition to their
traditional applications, new uses for these minerals have been developed in recent years, such as their

adaptation as vehicles for systems with modified release of active agents (Lopez-Galindo et al. 2011).
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Besides these minerals’ classic uses as ad- and absorbents, as rheological additives or in filtration and
sieving processes, they are widely used as nanofillers in the preparation of polymer/clay
nanocomposites or as nanoadditives (Billotti et al. 2008; Ruiz-Hitzky et al. 2011) or organomodified
nanoclays (Ruiz-Hitzkyand Van Meerbeek 2006), all of which have attracted considerable interest in
recent years. Sepiolite and palygorskite behave similarly to many clay minerals in their ability to
assemble organic species and produce organic—inorganic hybrid materials (Ruiz-Hitzky et al. 2004).
Organic species can interact with sepiolite mainly at the external surface and in some cases also within
the internal surface by penetration into its structural tunnels. In fact, sepiolite and palygorskite act as
molecular sieves that discriminate the adsorption of species by their molecular size. Bio-nanohybrid
materials are an emerging class of organic—inorganic hybrids that result from the assembly of
molecular or polymeric species of biological origin on inorganic substrates through interactions at the
nanometric scale (Ruiz-Hitzky et al. 2011). In the incoming era of nanotechnology, sepiolite and
palygorskite are very promising for advanced applications as diverse as nanofillers in polymer—clay
nanocomposites, support of nanoparticles for sensor devices and high-performing catalysts or even

building clay-biological interfaces for tissue engineering, new adjuvants for vaccines and bioreactor

devices.

The surface properties of sepiolite and palygorskite and their ability to interact with many compounds
to form nanostructured materials is related not only to their nanosize but also to the presence of
tunnels, channels and different types of water molecules in the structure, along with the hierarchical
distribution of pores and the presence of silanol groups (Si-OH) on the external surface. Sepiolite and
palygorskite are the end-members of a continuous polysomatic series (Suarez and Garcia-Romero,

2013). Both minerals are modulated fibrous phyllosilicates 2:1, formed by continuous sheets of
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tetrahedral silica with periodically inverted apical oxygen. This periodical inversion produces
discontinuous octahedral sheets in the [010] direction, resulting in ribbons or polysomes along the
[001] direction. Each ribbon is two chains wide for palygorskite and three chains wide for sepiolite in
[010] (Figurel). The discontinuity of the octahedral sheet leads to the formation of the tunnels and
channels. Tunnels are present at the inner of the particle, among the polysomes, and form the internal
surface. Channels are open tunnels at the edge of the particle and form the external surface. Both
tunnels and channels run parallel to the c-axis of the crystal and are accessible or partially accessible to
different molecules. These structures induce the fibrous morphology of sepiolite and palygorskite and
are responsible for the high values of the specific surface areas of the two minerals. However, despite
having the same fibrous microtexture, it is remarkable that natural samples of different deposits display
different specific textural features when studied by electron microscopy (both scanning and
transmission). The length and width of their fibers, curliness and textural porosity are notably different

(Suérez and Garcia Romero 2012). These different textural features determine their properties and uses

and, are due to differences in the thermodynamic and kinetic conditions present during formation.

Currently, nonclassical crystallization models are used to complement classical crystal growth theory.
The term Nonclassical crystallization describes processes which involve parallel multiple nucleation
events that form nanoparticles that then form a superstructure (in stark contrast to a single nucleation
event forming a single crystal) and the self-assembly of preformed nanoparticles to an ordered
superstructure, which then can fuse to a single crystalline structure. Nonclassical crystallization
comprises oriented aggregation of nanoparticles and mesocrystals formation. It has been proposed as
growth mechanism for the fibrous minerals that involves a number of novel steps that have been

elucidated in several studies (Penn and Bandfield 1988, 1999; Penn 2004; Colfen and Antonietti 2008),
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which provide examples of synthetic materials and growth in the laboratory (e.g., metal oxides,
selenides and sulfides) from initially homogeneous solutions. “Oriented aggregation is a special case
of aggregation that provides an important route by which nanocrystals grow, defects are formed, and
unique, often symmetry-defying, crystal morphologies are produced” (Pen 2004). The process is
particularly relevant in nanocrystalline regimes with relatively high specific surface areas, where
bonding between the particles allows the system to acquire a substantial amount of energy by
eliminating two high-energy surfaces by crystallographic fusion as well as reducing entropy by the
release of previously surface-attached molecules by crystallographic fusion (Banfield et al. 2000,
Alivisatos 2000). In addition, it can lead to the production of anisotropic nanoparticles (elongated
particles) (Cho et al. 2005; Yumono et al. 2010). Mesocrystals are a non-classical oriented aggregation
consequence, built from crystallographically oriented nanoparticles. They are one intermediate steps in
which the primary units can still be identified (Colfen and Antonietti, 2005). To the best of our
knowledge, in natural environments, there are only studies examining the aggregation of framboidal
pyrite (Soliman and El Goresy 2012), in which the growth of individual aggregates of the
microcrystals leads to the formation of combined micro-framboids and to the grouping of the several
framboids of pyrite, but in these examples, unique single crystal morphologies are not produced. The
terms aggregation and coalescence have sometimes also been used to explain the formation and
stacking of mica layers (Nespolo 2001; Meunier 2005; Eberl et al. 2011). Recently, dolomite

mesocrystals are cited by Leguey et al. (2010) describing the role of biomineralization in the origin of

sepiolite and dolomite in Miocene sediments of the Madrid basin.

This work reports evidence of oriented aggregation in natural minerals, which is in contrast with the

preponderance of previous research that provides examples of synthetic materials. The growth of
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minerals of the sepiolite-palygorskite polysomatic series by oriented aggregation has not been
previously reported. In addition, this work provides information concerning the precipitation of these
minerals in aquatic environments, which contributes to the knowledge of the physico-chemical

conditions present during the formation of numerous deposits of both minerals, certain of which have

high economic importance.

Materials and methods

The study was conducted based on observations of a broad group of natural sepiolite (23) and
palygorskite (25) samples. The samples came from different localities around the world and have
different geological origins, from sedimentary to hydrothermal, including samples from the greatest
deposits of sepiolite in the world, such as Vallecas-Vicalcaro, Cabafias de la Sagra and Mara in Spain,
Polattli-Eiskisehir in Turkey and Nevada in the U.S.A., as well as deposits of palygorskite from the
Yucatan in Mexico, Allou Kagne in Senegal, and Attapulgus in the U.S.A. The samples were
previously studied with different objectives and their mineralogical, chemical and textural
characterization can be found in Suarez et al. 1994; 2007; Garcia-Romero et al. 2004; 2007; Suarez
and Garcia- Romero 2006-a -b; 2011; 2012; 2013; Sanchez del Rio et al. 2009; 2011; Chryssikos et al.

2009; Garcia-Romero and Sudrez 2010; 2013-b; Statopoulou et al. 2011.

Scanning electron microscopy (SEM and FEG) and transmission electron microscopy (TEM) were
used to study the textural features of both sepiolite and palygorskite fibers. SEM observations were
performed using a JEOL JSM 6400 microscope, operating at 20 kV and equipped with a Link System

energy dispersive X-ray microanalyser (EDX), and FEG observations were acquired with a JEOL
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JSM-6330F (Field Emission Scanning Electron Microscope) operating at 10 kV, wd 15 mm and SEI.
Prior to SEM-FEG examination, freshly fractured surfaces of representative samples were air-dried
and coated with Au under vacuum. TEM observations were performed by depositing a drop of diluted
suspension on a microscopic grid with cellulose acetate butyrate. The act of dispersion causes changes
in the shape of the original particles. The milling not only separates the fibers but breaks a portion of
them. This breakage has to be taken into account, and each image must be interpreted with the
preparation method in mind. The main problem with clay minerals images is radiation damage. Their
structure under the high-power density of the electron beam is quickly dehydrated and destroyed in a
few seconds. To optimize the observations and avoid damage to samples, three different types of
equipment with different acceleration voltages and different point-to-point resolutions were used: a
JEOL 2000 FX microscope at an acceleration voltage of 200 kV, with 0.5 mm zeta-axis displacement
and 0.31 nm point-to-point resolution; a JEOL JEM 2100 at an acceleration voltage of 200 kV, with a
STEM detector, and 0.25 nm point-to-point resolution and a JEOL 3000 FX Field Emission
microscope operated at an acceleration voltage of 200 kV with a 0.17 nm point-to-point resolution. In
the case of higher acceleration voltage, only one exposure was acquired per view because after the

exposure, the crystal became amorphous.

Results

Sepiolite and palygorskite, as clay minerals, are nanomaterials that can only be distinguished by

electron microscopy. Sepiolite and palygorskite crystals are highly anisotropic, much longer than wide,

and appear as fibrous materials under SEM-FEG. Murphy and Jana (2002) classified fibrous particles

depending on the ratio of L/W (length to wide) into nanorods, for particles with L/W < 20, and
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nanowires for L/W > 20. After this classification most sepiolites and palygorskites are nanowires and
only exceptionally can appear as nanorods. For these minerals Garcia-Romero and Sudrez (2013)
proposed different typological classifications attending to several parameters and concluded that they
can appear in four different types of fiber defined by the ratio L/W. The limits are <10, between 10 and
100, > 100 and, finally >>1000 for macroscopic fibers in which sections are nanometric but length can
be centrimetric even. The length of the fibers varies greatly among the different deposits here studied,
from less than 1 um to centimeters with no gap. Most samples correspond to the intermediate types
and only exceptionally very short or macroscopic fibers can be found. Detailed microscopic study
reveals that independent of the fiber length, they all are composed of other minor-width fibers. When
the magnification of the image is still larger, it is possible to verify that the minor fibers are also
composed of other fibers of minor width that form minor structural units or crystals. The TEM and
SEM-FEG observations indicate that the minerals are prismatic crystals elongated along the [001]
direction (Figures 2 and 3). The minor width size units observed (minor crystals) have been designated
laths (Figure 2A). They are the smallest stable crystals that can be observed using TEM and sometimes
by SEM-FEG (only at more than 50000 magnification). Although the length of the fibers can vary
greatly, the width of the laths is always nanometric (~10-30 nm), which is consistent with the
observations of Martin Vivaldi and Robertson (1971). Generally, the laths are grouped in a
crystallographic arrangement sharing edges or faces forming rods or bundles. A rod of sepiolite or
palygorskite is formed by several crystals (laths) (Figures 2B, 3A, 3B), and several rods more or less
parallel to the c-axis of the fiber form bundles (Figure 2D, 2E) (Singer, 1981; Garcia-Romero and
Suédrez 2012, 2013-a 2013-b). Figure 2 shows TEM images of parallel laths of sepiolite and

palygorskite with common faces or edges forming rods and bundles. The rods formed by laths joined

parallel to the c-axis sharing the edges appear in Figure 2A, 2B. Figure 2C, 2D, 2D and 2F show
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different images of bundles made by rods and laths grouped more or less parallel to the c-axis but
without sharing faces or edges. The length of the bundles depends on the length of the individual laths
or rods that form them, but usually, the bundle lengths are much longer than the individual laths
(Figure 2E). In the same sample, laths can appear both aggregated and forming rods or can remain
without aggregation (Figure 3C, 3D, 3E). The minor-size crystals or laths are ~10-30 nm wide as
mentioned above. If the b parameter is 1.8 nm in palygorskite and 2.4 nm in sepiolite, the smallest
stable crystals or laths (~10 nm) correspond to ~5.5 unit cells in the b-axis direction for palygorskite

and ~4 for sepiolite. These findings indicate that, in the (001) section, the crystals have a size not much

greater than during primary nucleation.

Discussion

The morphology and assembly of the laths to forming rods and bundles cannot easily be explained by
conventional crystal growth models. Both the microstructure and the crystal shape point to a specific
aggregate growth mechanism in the formation of sepiolite and palygorskite rods and also bundles
(Penn 2004; Colfen and Antonietti 2008). It is well-known that the first stage in the formation of
crystals from aqueous solution is the nucleation (homogeneous or heterogeneous). The clusters that
achieve critical nucleus size are stable and grow to form bigger crystals. According to the Gibbs—
Thomson effect, small particles have a higher solubility than larger ones (Gibbs 1948). This is a direct
consequence of the surface to volume ratio of the particles as the system minimizes its total surface
free energy. In a saturated solution in equilibrium with crystals, a process of Ostwald ripening occurs
(large crystals grow at the cost of smaller ones) (Ostwald 1896). The TEM study of the natural samples

of sepiolite and palygorskite demonstrates that the smallest stable units formed in the starting material,
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the nucleated crystals, are the laths. There are no smaller units because they are unstable and dissolve.
After this first stage of nucleation, the process of growth continues mainly by aggregation, and the

aggregation of the smaller laths is responsible for the formation of wider laths and rods.

Nanolaths aggregate to each other and grow via a non-classical crystal growth mechanism (Penn 2004;
Colfen and Antonietti 2008), which occurs via crystallographically oriented attachment, including
rotation and oriented attachment of nanolaths. Oriented attachment occurs when particles join at
specific dimensionally similar crystallographic surfaces. “When the interface of these growing laths
and rods comes into contact these rotate to align with the crystallographic matching face of the
substrate” (Grassmann et al. 2003). The aggregation of sepiolite and palygorskite crystals occurs
parallel to the c-axis of the fibers by sharing faces (Figures 2B, 3A, 3B, 3E, 3F, 4 and 5). Grassmann et
al. (2003) also affirmed that “the cluster aggregation is driven by reduction in surface free energy that
is minimized if the clusters are in contact with a crystal face rather than with edges or vertices”. The
rods can be wider and much longer than the individual laths that form them because the laths attach to
each other in different positions along the c-axis (Figure 2A). Both the laths and the rods can also
aggregate more or less parallel to the c-axis but form small angles in bundles (Figure 2C, D, E).
According to Pen (2004), “This growth mechanism involves the irreversible and crystallographically
specific self-assembly of primary nanocrystals and results in the formation of new single crystals,

twins and intergrowths”.

The laths are parallelogram-shaped in cross section, and their morphology is rhombus-like (Tien 1973;

Krekeler and Guggenheim 2008) (Figure 4A). Several laths of sepiolite or palygorskite can aggregate

sharing faces and forming rods and bundles along the [100] direction (Figure 4B). The result of the
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aggregation of the laths is the formation of irregular surfaces as a consequence of their imperfect
coalescence. In this sample, the laths are 60 to 120 nm in width and 20 to 60 nm in height, which is in
agreement with the (hkO)-oriented images. The TEM images reveal a high number of defects as the
omission of polysomes and twins, as “The irregular surfaces of the fibers illustrate how they may
coalesce imperfectly, resulting in an apparent omission of polysomes” (Krekeler and Guggenheim,
2008). Figure 4C, adapted from Krekeler and Guggenheim (2008), illustrates laths aggregation via
sharing faces in a crystallographic continuity as revealed by the continuous lattice fringes. A model of
laths aggregation involving the formation of rods and bundles is shown in Figure 4D. In HRTEM
images of sepiolite and palygorskite natural samples rods are much more commonly found than
individual laths. These rods show characteristics which could be compatible with mesocrystals as they
are described by Colfen and Antonietti (2005), since primary units can still be identified within the
rods. However, to actually discriminate between mesocrystals and true new single crystals
observations of cross-sections (001) are required. An example of theses cross-sections is shown in
Figure 4C, where primary units are not evident and consequently these rods must be considered as true
single crystals. Figure 5 shows different rod images which could correspond to either mesocrystals or
new single crystals. Although in both cases the same appearance should be expected when observed
parallel to the c axis, as it is schematized in Figure 4D, differences would be observed in sections
parallel to (001). Therefore, the sutures that appear in the rods in Figure 5 (pointed by arrows) could be

the seam zone of the primary units of mesocrystals or they could correspond to traces of the

overlapping endings of crystals as it is the case in the rods shown in Figure 4C.

The disorientation produced by twists and tilts at the plane of attachment can produce defects, ranging

from pure tilts to pure screw dislocations (Penn and Banfield 1998; 1999; Chun et al. 1995). Defects
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are very frequent not only in natural sepiolite and palygorskite particles formed by oriented
aggregation of samples but also inside the laths. In agreement with Pen (2004), “Particles formed in
this manner are commonly polycrystalline particles that are composed of randomly oriented primary
nanocrystallites”. The small size of unit crystals (laths) of sepiolite or palygorskite in the [100] and
[010] directions could explain the very low crystallinity found by X-ray diffraction of these samples.
In addition, most electron diffraction images (Figure 6) show that fibers can assume several
orientations around the c-axis, and these images correspond to bundles of palygorskite or sepiolite
fibers randomly oriented around the c-axis, revealing reflections from laths that are [110], [010], [100]

and [hkO] parallel to the beam. It is rarely possible to obtain the diffraction patterns of laths of only one

orientation as shown by Sanchez del Rio et al. (2011).

After the nucleation and the oriented aggregation of the laths, the natural crystals of sepiolite and
palygorskite can continue growing in a much slower manner, mostly along the c-axis at the expense of
the diffusion of molecular scale species throughout the solution. The length of the crystals depends
mainly on the first stages of their nucleation and crystal growth, although in an oversaturated solution,
the formation of new crystals can continue and produce additional new short crystals. In contrast, the
slow growth of the fibers close to the equilibrium conditions can produce longer fibers. As reported by
Colfen and Antonietti (2008), the formation of fiber bundle superstructures by oriented attachment is

especially applied to systems far from equilibrium.

According to Hartman-Perdok (1955) theory, the fibrous morphology of sepiolite and palygorskite can

be explained by the highly different attachment energy of their faces, which controls the morphology

of the particles. The crystal faces are classified depending on the number of periodic bond chain (PBC)
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vectors they contain, which indicate the directions of strong bonding. The rods and bundles of sepiolite
and palygorskite aggregates grow due to the incorporation of ions at energetically favorable sites. The
(001) faces are the smallest faces as a consequence of their rapid growth, whereas the (hk0) faces are
much larger as a result of their slower growth. The inversion of the tetrahedral sheets in the structures
of sepiolite and palygorskite reduces the bond strengths at specific points in the a- and b-axis
directions. The ionic bonds in the a- and b-axis directions are rather weaker than in the c-axis direction.
It is necessary also take into account that in (001) faces, the tetrahedral and octahedral sheets with
strong bonds, Si-O, AI-O, Mg-O and Al-OH, are broken. Nevertheless, in the (hk0) faces, Si-OH
groups appear to compensate for the charge of the broken bonds in the tetrahedral sheets at the edges
of the fiber, whereas octahedral sheets do not have a problem both of charge and coordination because
the terminal cation in the polysomes along [001] completes its coordination sphere with two water
molecules. As a consequence, the (001) faces are K faces, which leads to the growth of laths with a
regular cross-section (Figure 5A, 5B, 5C and 7). The attachment energy of the (001) faces is very high
and decreases greatly following the addition of atoms to complete their kinks, although immediately
after of this incorporation, the energy returns to the same level as before the incorporation. However,
the attachment energy of the (hk0) faces is very weak. The (hk0) faces present strong bonds by shared
oxygens. These faces have to be F (flat) faces without kinks where atoms could be incorporated
(Figure 7). In (110) and (010) faces, the octahedral sheet does not present broken bonds, and silanol
groups complete the broken bonds in the tetrahedral sheets. Therefore, the attachment energy of the
(hkO) faces is very low. The crystals have to growth in (001), generating fibrous crystal with surface
tunnels, which have a very high specific surface. The only possibility of growth of the (hk0) faces is

the addition of complete polysomes, which would indicate an aggregation process. This ‘weak

attraction’ leads to crystallographic fusion of the two particles, eliminating the two high-energy
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surfaces. The high number of defects such as twists; disorientation or tilts observed by HRTEM

(Figure 4) could be evidence of their origin by aggregation or binding of minor units or polysomes.

Recently, the existence of intergrowths between sepiolite and palygorskite has been proposed based on
the continuous variation of the chemical composition without a compositional lack (Suéarez and Garcia-
Romero, 2011, 2013). The intermediate minerals, in regards to the chemical composition, are formed
by a mixture of sepiolite and palygorskite polysomes. Thus, when a palygorskite presents sepiolite
intergrown polysomes, the chemical composition corresponds to a Mg-rich palygorskite, and in the
opposite extreme, a sepiolite with a portion of palygorskite polysomes appears as an Al-rich sepiolite.
This can be explained by the aggregation mechanism. For solutions with a composition at the limit
between the stability of the two minerals, alternative nucleation of sepiolite and palygorskite
polysomes could occur in the first stage, and the polysomes of the two minerals could later aggregate

to form a mixture crystal.

In oversaturated conditions, the nucleation of a large number of sepiolite and palygorskite laths must
occur, and single nucleation events cannot be treated as thermodynamically independent. Nucleation
must occur over an extremely short time period, in which all crystals start to nucleate at approximately
the same time. The fibers of sepiolite and palygorskite that compose the natural deposits have specific
textural features as a result of the thermodynamic and kinetic conditions during the nucleation process.
Small changes in the conditions lead to different features among the natural deposits. These changes
are responsible for the different features and properties shown by different natural deposits. The
formation of short fibers could involve fast nucleation as a consequence of high supersaturation,

associated with a stronger evaporative environment, whereas long fibers involve the slower growth of

14

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4751 3/12

fibers in environments with lesser supersaturation.

Final remarks

As has been previously explained, the growth of the crystal by addition of atoms in the [hk0] direction
is notably difficult when considering that the polysomatic structure of these minerals and their
structures determine the fibrous morphology and the high specific surface area. Accordingly, sepiolite
and palygorskite are perfect candidates for growth by aggregation as Colfen and Antonietti (2005)

predicted, and this growth crystal mechanism is clearly indicated by the images of the present study.

The aggregation of laths explains the formation of intergrowths of sepiolite and palygorskite and,
at the same time, also explains the differences observed in their physical and chemical properties.
Accordingly, it is possible to affirm that the long of the fibers could serve to trace relative

changes of alkalinity-salinity in lacustrine registers containing sepiolite and palygorskite.

Implications

This is the first time the crystal growth by aggregation is referred as the main process of mineral
growth in natural environments. The crystal growth by aggregation is accepted as a non-classical
crystallization model and it has been described in recent years for synthetic materials, but this
work reports the growth of sepiolite-palygorskite minerals by aggregation, which involves

oriented aggregation of nanoparticles and mesocrystals formation.
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338  There are remarkable HRTEM images of sepiolite-palygorskite crystals illustrating the steps of
339  growth of different faces with highly different attachment energy, which controls the

340  morphology of fibrous particles.
341

342  In addition, this work provides information concerning to the precipitation of these minerals in
343  aquatic environments, which contributes to the knowledge of the physico-chemical conditions
344  existent during the formation of numerous deposits of both minerals, some of which have high

345  economic importance.
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Figure captions

Figure 1.Structural schemes of palygorskite and sepiolite (adapted from Suarez and Garcia-Romero
2011). a) and b) Tetrahedral sheets of palygorskite and sepiolite, respectively, projected on (100),
black and gray mean tetrahedrons with apical oxygens pointing in opposite directions. ¢) and d)
Tetrahedral sheets of palygorskite

andsepiolite, respectively, projected on (001).

Figure 2. TEM Images of sepiolite and palygorskite. A) Palygorskite prismatic crystals (laths)
elongated along the [001] direction (Palygorskaya, Russia). B) Sepiolite prismatic crystals (laths)
elongated along the [001] direction and aggregated parallel to the c-axis, forming rods (Grant County,
USA). C) End of bundles of palygorskiteformed by laths grouped more or less parallel to the c-axis
(Attapulgus, France). D) Bundle of sepiolite. (Vallecas, Spain). E) Bundle of palygorskiteformed by
laths grouped more or less parallel to the c-axis without sharing faces or edges (Attapulgus, France).
Note than the laths are shorter than the bundle. F)The grouping of palygorskite rods forms bundles

(Pics Crossing, Australia).

Figure 3.MEB-FEG images of sepiolite and palygorskite. A and B) Crystals (laths) elongated along the
[001] direction aggregatedsharing faces, forming rods. C and E) Detail of D. C) Laths (detail of D). E)
Laths aggregated forming rods (detail of D). A) Sepiolite, Namibia. B) Palygorskite, Boa Vista, Brazil.

C, D and E) Palygorskite, Okehampton (UK).

25

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4751 3112
Figure 4. HRTEM images of cross-section of fibers. A) Cross-section of a lath showing a rhombus-like
morphology (Sepiolite, Norway). B) Cross-section of bundle made by rods revealing the irregular
surfaces that are a consequence of their imperfect coalescence (Sepiolite, Norway). C) Cross-section of
sepiolite fibers laths aggregated by mean of sharing faces in a crystallographic continuity forming new
single crystals (Image from Krekeler and Guggenheim (2008)). D) Scheme of polysome, lath, rod and
bundle. The bundle is formed by three rods in more or less parallel arrangement. Each rod is formed by

aggregation of laths in crystallographic continuity. One rod is a new single crystal while another is a

mesocrystal.

Figure 5. HRTEM rods images. Sepiolite (Gran County, U.S.A.). K (kinked faces). F (flat faces).

Arrows point to the sutures into rods.

Figure 6. A) SAED corresponding to bundles in the box in image. B) Image of palygorskite (Serrata de
Nijar, Spain). C) SAED corresponding to bundle in the box in image. D) Palygorskite (Boa Bista,

Brassil). Note that SAED corresponds to fibers that can assume several orientations

Figure 7. HRTEM images of the end of laths of sepiolite (Norway) showing F (flat faces), K (kinked

faces) and steps of growth.
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