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Supplementary File 02
Additional description of sand calcite occurrences, 
forms and varieties
Arrangement of profiles containing sand calcites and sample fabric provide keys to the palaeoenvironments in which they formed and arguments to support a model of their genesis. Below we present additional information for sand calcite spheroliths, crystals and concretions, as well as remarks about translucent calcites which relate to the same recent weathering features than sand calcites.
Sand calcite spheroliths

Spherolithic calcareous sandstone outcrops abundant in the Fontainebleau area (Thiry, 2016). Le Carrosse rock (southern Fontainebleau Forest, parcel 521) provides a reference section of the internal arrangement of spherolith clusters. The 4-5 m high rock is cleared from sand and extends at least 2-3 m deep in the sand (Fig. 1A). It shows a geopetal gradient with massive facies at top and less cemented spheroliths towards the base (Fig. 1B). 
1) The top of the profile is composed of massive calcareous sandstone with millimetre-length vermicular voids. Broken surfaces show calcite cleavages and ghosts of spherolithes. Karst dissolution pipes 5-30 cm in diameter penetrate the top of the pillar and are probably still actively forming. 
2) The body of the pillar is composed of alternating layers of firmly cemented ochre coloured calcareous sandstone and softer layers of coalescent sand calcite spheroliths. The sandstone cement shows 2-4 mm sized spar calcite cleavages encompassing more or less dissolved and/or recrystallized spherolith ghosts. The less cemented layers, in which sand pockets remain, contain clear spheroliths with a harder outer cortex studded with the acute tips of calcite rhombohedra on their surface (Fig. 2A). These alternating layers have orientations recalling cross-bedding. 
3) The lower part of the pillar is less cemented and in places individual spheroliths (1-2 centimetres in diameter) are aligned and cemented by millimetre thick white calcareous sandstone strips that mimic cross-bedding (Fig. 2C). At the base, contact with the embedding white sand shows isolated spheroliths ‘floating’ in unconsolidated sand (Fig. 2D).
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Figure 1 – Rock Le Carrosse (Fontainebleau). (A) View of the calcareous sandstone standing out of the uncemented sand scarp. (B) Schematic section of the calcareous sandstone pillar, modified from figure 4 in Thiry (2016). The limestone is massive at the top, strips of sandstone enriched with iron oxides are individualized in the middle of the profile, and the cementation of the whole decreases towards the base. 
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Figure 2 – Arrangement of sand calcite spheroliths (Rocher Carrosse, Fontainebleau). (A) Zoned spherolith (z) and cleared spheroliths with calcite rhombohedra spikes (arrows). (B) Small individual spheroliths (1-2 cm size) aligned along oblique layers and cemented by calcareous sandstone strips. (C) Groups of spheroliths occurring dispersed in the sand at the base of the spherolithic sandstone profiles.

Spheroliths display large varieties of size and structures. Among these, spherolithes from several sites show a core of radiating fibrous calcite (Fig. 3A). Somewhat larger and isolated spheroliths in unconsolidated sand that exhibit 2-4mm spikes of calcite rhombs at their surface also have a 3-5mm thick tight crystalline cortex whereas their inner zones have no crystal form nor cleavage (Fig. 3B). Other spherolithes, mostly the largest ones, show a concentric fabric of successive more or less cemented growth aureoles (Fig. 3C). Lastly, small granular spherolithes have a preferential relationship with the upper surface of quartzitic sandstone lenses which they cover along seeping water flow paths (Fig. 3D & E).
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Figure 3 – Internal structures of sand calcite spheroliths. (A) Radial internal structure of a spherolith (Nemours); modified from figure 19B in Thiry (2016). (B) Cut sample showing a less cemented core and a tight cortex consisting of calcite rhombs (Roche Éponge, Fontainebleau). (C) Elongated body of spherolithic calcareous sandstone lying on a thick quartzitic sandstone pan; the large spheroliths show concentric growth haloes that are called sandstone roses by forest tourists, their dark colour is due to patina developed since the fracturing of the sandstone to made paving stones around years 1840 (Apremont, Fontainebleau). (D) Small spheroliths plated onto quartzitic sandstone (Villejust, 91). (E) Detail showing the spread and fan like growth of the calcite against the quartzite surface. 
Sand calcite crystals

In the Fontainebleau and Nemours areas, specific sites were mined by private collectors for sand calcite crystals and numerous specimens found their way into public museums. Occurrences were first described at Belle-Croix (now ‘Grotte aux Cristaux’, Fontainebleau Forest, parcel 242) and this locality supplied the most spectacular specimens in terms of size, arrangement and form of crystals. Since the 1950’s several sand calcite crystal occurrences in the Nemours area have been exploited and some sand crystals are still found in active sand pit operations. 

Isolated crystals, in the form of rhombohedra, are rare. Generally they form clusters (crystallaria) that can reach several decimetres in size with perfectly clear interpenetrated crystals, arranged in sheaves and forming rosettes reminiscent of gypsum sand roses (Fig. 4A). Crystallaria are often gathered, welded together, and can form slabs of several metres in extent (Fig. 4C). In that case, crystal sizes that make up the different crystallaria can be very variable, but always appear homogeneous within a single crystallaria. This certainly reflects changes in crystallization conditions from one crystallaria to another in terms of locus and time when one covers the other. Varying crystallization conditions are also well illustrated by the succession of large crystals whose faces are covered by smaller crystals on that even smaller crystals grew (Fig. 4B). This sequence obviously corresponds to successive changes in crystallisation environment, stopping growth of large crystals and encouraging the seeding of more crystallisation nucleii.
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Figure 4 – Arrangements of sand calcite crystals. (A) Crystallaria of tangled rhombohedra in white sand (Darvault); from figure 2B in Thiry (2016). (B) Large rhombohedra faces covered with later precipitated small rhombs, themselves covered by smaller rhombs (Puiselet). (C) Crystallaria slab made from coalescence of initial crystallaria of different crystal sizes (bottom Gondonnières sand pit, Lachant).
The historical ‘Grotte aux Cristaux’ (Fontainebleau Forest, parcel 242) was not a cave at the time of its discovery but a ‘pocket’ of unconsolidated white sand beneath a pisolithic calcareous sandstone lens (Thiry et al., 2017). The sand contained numerous large crystallaria and the ceiling was covered with sheaves of large rhombohedra (Fig. 5A). Crystal sheaves of the ceiling clearly grew downwards from the roof into the unconsolidated sand, like stalactites in a cave (Fig. 5C). The large crystals are spectacular by the sharpness of their faces and edges (Fig. 5B). 
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Figure 5 – The Grotte aux cristaux (Fontainebleau Forest, parcel 242). (A) General view of the "cave", (1) quartzitic sandstone pan, (2) crystal sheaves on the ceiling, (3) roof of the cave armoured by a pisolithic calcareous sandstone slab. (B) Sheafes of acute rhombohedra crystals at the ceiling. (C) Coverage of the ceiling with large crystallaria with divergent crystals. 

Sand calcite concretions

Sand calcite concretions have decimetre- to meter-size coalescent and multilobed forms. They bear much resemblance to secondary carbonate cements and nodules which commonly occur within loess and/or palaeosol sequences. Both occurrences found in Paris Basin (Fontainebleau and Auvers sands) are more or less directly linked to fossil-bearing calcareous sands. This is the case in the Gondonnières sand pit (Larchant) where small concretions occur within a fossiliferous coarse sand, primary carbonates are themselves recrystallized, and larger concretions occur in the underlying sand (Fig. 6A). In addition, these concretions are interesting because they often include sand calcite crystallaria (Fig. 6B &C). Spatial relations between concretions and crystals and among concretion bulges illustrate how the relative precipitation ages may be inferred from the spatial relations.
Translucent crystals

Translucent calcite, of inverse rhombohedra form, devoid of included sand grains, has develop in dissolution voids formed by dissolution of fossils in the fossil-bearing sands or even in karst dissolution voids in the encasing lacustrine limestone overlying the Fontainebleau Sand formation. Dating of such a translucent calcite in La Chapelle-la-Reine limestone cover gave a Pleistocene age. The form of the calcite is large centimetre-sized crystals (Fig. 7A). Such geodic crystals are very common in all limestone formations in Paris Basin, above as well as below the sand formations (Fig. 7B & C). It may be interesting to test their age. If all are of Pleistocene ages they could form numerous benchmarks to mark out Paris Basin incision of the Paris Basin through the Pliocene-Pleistocene.
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Figure 6 - Sand calcite concretions (Gondonnières sand pit, Larchant). (A) Sand calcite concretions (arrows) within and below the fossil-bearing coarse sand unit; modified from figure 16 in Thiry (2016). (B) Concretion that includes an older sand calcite crystallaria, concretion developed pendent likely beneath two summit crystallaria (arrow shows the top of the sample). (C) Sand calcite concretion that probably developed as cappings above crystallaria. Numbers indicate successive calcite precipitation stages inferred from their mutual spatial relationships (casting crystals and covering each other).
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Figure 7 – Translucent calcites crystals related to sand calcites. (A) Geodic crystals in the lacustrine limestone in vicinity of Fontainebleau Two successive stages of crystallisation have been dated at 240 and 330 ka (Chapelle-la-Reine). (B) & (C) Inverse rhombohedron calcite crystal in a karst dissolution void in the upper Eocene Calcaire de Champigny underneath Fontainebleau Sand (Fontaine-le-Port, 77).
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