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We describe the shape and internal structure of polyhedral spheroids found in serpentinized peridotites which correspond to a new serpentine microstructure. Serpentine spheroids resemble geodesic domes made of c. 160 to 180 triangular facets. At facet edges, the nested layers bend by c. 14° along their three <010> crystallographic directions, resulting in an onion-like structure with lateral continuity of the layers. The stacking of the serpentine layers within sectors is controlled by interlayer bonding. These polyhedral onions are made of a novel type of spherical nanostructure for layered materials.

Introduction

Serpentine minerals, ideally Mg 3 Si 2 O 5 (OH) 4 , are among a small number of natural layered structures that are known to form aperiodic nanostructures such as cylinders and scrolls (the chrysotile variety; [START_REF] Yada | Study of chrysotile asbestos by high-resolution electron microscopy[END_REF], polygonal tubes (polygonal serpentine; [START_REF] Middleton | The structure of Povlen-type chrysotile[END_REF]; [START_REF] Baronnet | Microstructures of common polygonal serpentines from axial HRTEM imaging, electron diffraction, and lattice-simulation data[END_REF], and cones [START_REF] Yada | Growth and microstructures of synthetic chrysotile[END_REF] as well as periodic, flat (the mineral lizardite; [START_REF] Wicks | Serpentine minerals: structures and petrology. In: Hydrous phyllosilicates[END_REF]) and modulated (antigorite; [START_REF] Kunze | Antigorit: Struckturtheoretische Grundlagen und ihre praktische Bedeutung für die weiters Serpentinforschung[END_REF]) crystals. This variety in the wrapping of the building layer of serpentine minerals is strikingly reminiscent of the various nanostructures displayed by carbon [START_REF] Dresselhaus | Introduction to carbon materials research[END_REF] and other materials such as MoS 2 [START_REF] Seifert | Structure and electronic properties of MoS 2 nanotubes[END_REF], WS 2 [START_REF] Tenne | Polyhedral and cylindrical structures of tungsten disulphide[END_REF] or h-BN [START_REF] Bengu | Single-walled BN nanostructures[END_REF]. The serpentine layer is polar and made of a tetrahedral and an octahedral sheet sharing oxygen atoms. The 'isolated' magnesian octahedral sheet being expected to have a larger in-plane unit-cell than that of the 'isolated' tetrahedral sheet, their assembly to form a serpentine layer may result in a curvature, leaving the tetrahedral sheet inside and the octahedral sheet outside [START_REF] Pauling | The structure of the chlorites[END_REF]. A similar mechanism is invoked to account for the curvature of sulfide misfit layer compounds, which are also known to form a variety of cylindrical, conical or modulated microstructures [START_REF] Williams | Electron microscopy of cylindrite and franckeite[END_REF].

By comparison to carbon species, an onion-like, spherically wrapped variety of serpentine seemed to be lacking. Serpentine with a globular and polyhedral morphology was previously observed (Mitchell and Putnis 1988, their Fig. 8;[START_REF] Cressey | Electron and X-ray petrography of an unusual serpentine from the Tilly Foster mine, Brewster, New York[END_REF][START_REF] Zega | Polyhedral serpentine grains in CM chondrites[END_REF], and here we expand on those efforts and report details on its morphology and atomic structure, when picked up from terrestrial serpentinites. The serpentine spheroids are studied using highresolution scanning electron microscopy (HRSEM), electron microdiffraction and lattice imaging by high-resolution transmission electron microscopy (HRTEM). Our results reveal a novel microstructure in the serpentine group [START_REF] Baronnet | Polyhedral onions as a novel microstructure of serpentine[END_REF].

Samples and analytical techniques

Polyhedral serpentine presented here comes from optically isotropic veins and altered pyroxenes of two distinct serpentinized peridotite units: i) massive serpentinites exposed in the southern Coast Ranges (Franciscan Complex, California, USA); ii) serpentinites from the inner Piedmont Zone, Western Alps (Italy).

Secondary electron images were recorded at the Centre de Recherche en Matière Condensée et Nanosciences (CRMCN) using a JEOL 6320F scanning electron microscope equipped with a field-emission gun. The insulating serpentine samples were coated with a thin amorphous carbon film for electric conduction, and imaged under 3 kV accelerating voltage for optimum image contrast between the facets of the spheroids. The effective resolution is nearly 10 nm at that tension and for the C-coating thickness used here.

TEM samples were prepared from dismountable petrographic thin sections. Single-hole TEM copper grids (2x1 mm slot) were glued on the sections for support, detached, and thinned to electron transparency using a GATAN PIPS ion mill. A 20 nm-thick layer of amorphous carbon was finally evaporated onto the sample to provide electric conduction of the specimen surface in the TEM. TEM observations are made through thin wedges of rock that surround holes made by ion milling.

Two transmission electron microscopes at CRMCN were used for the crystallographic and analytical characterization of the serpentine spheroids. A JEOL 2000FX TEM, operated at 200 kV (0.28 nm point-to-point resolution) was used for imaging and selected-area electron diffraction (SAED) as well as microanalysis. A Tracor-Northern 5500 X-ray energy-dispersive system (EDS) with a Si-Li diode and a ultrathin window collects X-rays at a take-off angle of 72° from the sample surface. The spatial resolution of microanalyses is c. 30 nm in the conditions of operations used. Synthetic layer-silicates were used to determine k-factors [START_REF] Cliff | The quantitative analysis of thin specimens[END_REF] for quantifying EDS spectra. A JEOL 3010 TEM at CRMCN, operated at 300 kV (0.21 nm point-to-point resolution) was used to record bright-field, high-resolution images of the serpentine layers. We use rather low magnifications (300 000x) to minimize the electron dose and to delay rapid amorphization of the serpentine.

Results

We observed serpentine spheroids, 100 nm to several micrometers in diameter, within pores left by the serpentinization of the orthopyroxene grains in the alpine peridotite (Fig. 1A).

In some californian veins and microcracks (Fig. 1B to D), we observed also spheroids acting as filling material commonly intergrown with short nanotubes of chrysotile, less commonly with polygonal serpentine. When their size is greater than one micrometer, these spheroids can be easily recognized from petrographic thin sections as intergrown circular features displaying a black cross when viewed with a petrographic microscope using transmitted light and crossed polars (Fig. 1A).

EDS-TEM microanalyses of the Californian sample yielded a structural formula (Mg 2.71 Fe 0.24 Al 0.05 )(Si 1.95 Al 0.05 )O 5 (OH) 4 , assuming all iron is in the ferrous state.

Most of the larger spheroids are incomplete, showing only a dome with polygonal facets when developing in a void of the rock (Fig. 1C andD). Imaged with a SEM, they appear as "geodesic domes" (Fig. 1C andD), and sometimes as fully-faceted spheres (inset Fig. 1B). In all observed cases, the outer surface is made of an assemblage of nearly equilateral triangular facets. Six such triangular facets meet at each summit of the polyhedron so that a local pseudo-hexagonal rotational symmetry occurs at the corners. We never observed corners displaying five-fold rotational symmetry. We estimate the number of facets for a complete sphere, by dividing the surface area of the sphere by the surface area of a facet, to roughly 160-180. This number appears to be independent of the size of the spheroid, at least for spheroids large enough to be properly observed by SEM (> c. 1µm). TEM images and selected area electron-diffraction (SAED) patterns (Fig. 2A) of spheroid tangential sections showed that the triangular facets consist of (001) basal planes of flat serpentine, the edges of the triangles being approximately oriented along the three crystallographically equivalent <010> axes (orthogonal setting). Curved interference fringes frequently occur at the border of many triangular sectors, confirming that triangular pyramidal sectors of serpentine material extend just below each external facet.

Cross sections display a concentric, onion-like, nested wrapping of serpentine layers. The common summit of pyramidal sectors is either centered in the complete spheroid or, in the case of incomplete spheroids, such summit lies on a supporting mineral substrate. A remarkable feature is that the layers appear to be mostly continuous all over the periphery of the spheroids. The atomic structure of the serpentine layers can be seen by high-resolution TEM to propagate continuously across contiguous sectors (Fig. 2B). The inward curvature of rounded terminations on all spheroids (Fig. 1C) suggests that the octahedral sheet of the serpentine structure forms the spheroid surface. Sector junctions correspond to a bending of the serpentine structure along the three possible <010> (or b) directions of the silicate, as evidenced by electron diffraction patterns (inset Fig. 2B). The two entangled diffraction patterns are produced by the simultaneous electron diffraction of adjacent sectors selected by the SAED aperture. Sector boundaries consist of curved layers similar to those found between sectors of polygonal serpentines [START_REF] Baronnet | Microstructures of common polygonal serpentines from axial HRTEM imaging, electron diffraction, and lattice-simulation data[END_REF]. From one sector to the next, layers undergo a tilt of 13 to 14.5°. The angle of bending from one sector to the next appears to be strongly controlled by the crystallographic structure of the serpentine. To ensure proper interlayer bonding and lateral continuity of the layers, there must be a homogeneous shearing of the layer stacking, when going from one sector to the next, and the shearing must be such that successive layers are shifted by a value commensurate with the crystalline structure. In the case of tubular polygonal serpentines, for which bending occurs along the <100> directions at sector boundaries, the intersectorial angle was determined to be 12 or 24° [START_REF] Chisholm | The number of sectors in polygonal serpentine[END_REF]). In the present case of spheroids, for which bending occurs along <010> directions, the expected value of the angle is 13.4°, inducing an interlayer shift of +a/3 between successive layers when going from one sector to the next. This value is consistent with the observations from SEM when one measures angles between faces seen on the edge of the spheroids, the tilt angle of (001) lattice planes across sector boundaries (Fig. 2C), and analysis of the electron diffraction patterns (inset Fig. 2B). In contrast, an interlayer shift of -a/3 is not allowed in the serpentine structure [START_REF] Bailey | Polytypism of 1:1 layer silicates[END_REF] because not all H-bonds between successive layers are maintained. This asymmetrical interlayer shift may explain why the facets adopt a triangular shape instead of a hexagonal shape.

Adjacent sectors of the same onion display 1T and/or 1M layer-stacking sequences.

When traversing a corner to go from one sector to the one opposite to it (e.g., from sectors labeled 1 to 4 in Fig. 3), the angle appears to be larger. It corresponds to an interlayer shift of 2a/3, with a predicted intersectorial angle of 27°.

Discussion

We have described the morphology and structure of polyhedral spheroids of serpentine. Our structural analysis supports the suggested name of "polyhedral serpentine" (Papp 1988, unpublished manuscript;[START_REF] Zega | Polyhedral serpentine grains in CM chondrites[END_REF] for this new microstructure of serpentine. Among all reported onion-like structures, natural or synthetic, the nanostructure of polyhedral serpentine is most likely the one that exhibits the best crystallographic control of the morphology. Spherical kaolinite and native or collapsed halloysite, the dioctahedral equivalents of serpentines, are also known to form spheroids with lateral continuity of the layers [START_REF] Huertas | In situ transformation of amorphous gels into spherical aggregates of kaolinite: a HRTEM study[END_REF][START_REF] Sudo | Particle shape of a certain clay of hydrated halloysite, as revealed by electron microscope[END_REF][START_REF] Tomura | Spherical kaolinite: synthesis and mineralogical properties[END_REF]. However, no crystallographic model has yet been proposed because this mineral dehydrates readily under vacuum.

Allophane, another clay mineral, has a spherical structure (Van Olphen 1971) but never develops to form onion-like structures. Although carbon onions have been extensively studied [START_REF] Iijima | Direct observation of the tetrahedral bonding in graphitized carbon black by high-resolution electron microscopy[END_REF][START_REF] Ugarte | Curling and closure of graphitic networks under electron beam irradiation[END_REF][START_REF] Banhart | Carbon onions as nanoscopic pressure cells for diamond formation[END_REF][START_REF] Terrones | Structure, chirality and formation of giant icosahedral fullerenes and spherical graphitic onions[END_REF], it is not clear whether there is a crystallographic control of their polygonization [START_REF] Kroto | Carbon onions introduces new flavour to fullerene studies[END_REF][START_REF] Ugarte | Curling and closure of graphitic networks under electron beam irradiation[END_REF].

Carbon spheroids that develop in cast iron [START_REF] Minkoff | Solidification of spheroidal graphite cast iron[END_REF] or carbon balls in some carbonaterich metamorphic rocks [START_REF] Jaszczak | On the natural occurence of spherical graphite[END_REF]) may have microstructures similar to polyhedral serpentine. However, it remains unclear whether carbon spheroids maintain lateral continuity of the layers, and if so, if a regular polygonization occurs. Moreover, carbon species and related synthetic nanostructures are expected to ensure spherical bending of their layers by the introduction of pentagons within their hexagonal layer, thereby producing spherical nanostructures with icosahedral symmetry. This does not seem to be the case for serpentine, as no corners with five-fold symmetry have been observed. However, it is not geometrically possible to form a perfect spherical structure by connecting equilateral triangles only (Fig. 3).

Serpentine spheroids could maintain a spherical morphology while ensuring lateral continuity of the layers by one of the following mechanisms : i) introduction of small-angle tilt boundaries between the structures of adjacent facets so as to modify the angles between facets appropriately, ii) slight curvature of the facets and edges of sectors, or a combination of i) and ii).

Like carbon, serpentines are now known to display all types of aperiodic nanostructures (cylindrical or polygonal tubes, cones, and onions) in addition to regular "flat" crystals.

Contrary to many other materials, however, the formation of serpentine wrapped structures is possible in conditions closer to the equilibrium in the crystallizing system. As a consequence, wrapped structures of serpentine are often relatively large and thus relatively easy to characterize. The interlayer bonding (hydrogen bonding) of serpentine imposes definite stacking of the layers, which results in strict crystallographic control of the resulting nanostructures. For these reasons, polyhedral serpentine could give extensive insight into the formation and control of carbon multi-walled polyhedral onions and spheroids and of other nested layered structures. The crystallographic orientation of the serpentine layer is indicated in sector 1. Approximate angles between facet pairs are: 1-2: 14°; 1-3: 24°; 1-4: 27°. This scheme shows that the spherical assembly of equilateral triangles cannot be maintained without modification of angles or curvature of the faces and edges. In polyhedral serpentine, it is expected that defects at sector boundaries, and/or slight curvature of the layers allow the polyhedral morphology to be maintained. 
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