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Abstract  13 

The taxonomic assignation and ecological implications of the genus Syringoalcyon 14 

Termier & Termier, 1945 have been a palaeontological problem for a long time. 15 

Carboniferous material from Morocco and Spain has been studied using a 16 

biomineralogical approach by means of petrographic microscopy, SEM, AFM, EMPA 17 

and CIP microscopy analysis. Detailed morphological, structural, chemical composition 18 

and crystallographic data enable a deeper understanding of the nature of Syringoalcyon. 19 

The coral walls and the so-called epithecal scales exhibit conspicuous differences in 20 

microstructure (lamellae and holacanthine fibres in the coral versus single crystal in 21 

scales), nanostructure (pill-shaped versus granule-shaped nanocrystals), composition 22 

(LMC versus HMC) and crystallographic orientation. The results of these analyses 23 

imply that Syringoalcyon is an association between the tabulate coral Syringopora and 24 

an epibiont. They also suggest that the epibiont was an alcyonarian (a rare occurrence in 25 

the fossil record) that was attached to the syringoporoid. This work highlights the utility 26 

of the biomineralizational approaches for solving palaeontological problems, such as 27 

systematic affinities, and for advancing knowledge of the evolution of biocrystallization 28 

processes.  29 
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 30 

INTRODUCTION 31 

New palaeontological perspectives can be gained from in-depth studies of 32 

biomineralization in recent and fossil organisms (Lloyd et al., 2008; Raven & Giordano, 33 

2009; Jackson et al., 2010). Comparisons between recent and fossil organisms allow 34 

new insights into the formation of skeletal elements through the geological record 35 

(Porter, 2010; Cuif et al., 2011; Sabbatini et al., 2014). This knowledge offers an 36 

opportunity to establish the systematic affinities of problematical fossils by the study of 37 

their biomineralogical features (geochemical signature, crystalline structures and 38 

crystallographic properties). Additionally, these studies can shed light on the 39 

evolutionary processes of formation of biominerals through Earth’s history.  40 

The problematical genus Syringoalcyon Termier & Termier, 1945 was originally 41 

erected based on a single specimen from the Viséan (Lower Carboniferous) of central 42 

Morocco, assigned to Syringoalcyon maroccanum. It consists of a colony composed of 43 

vertical tubes of syringoporoid coral morphology but with the addition of numerous 44 

monocrystalline scales with their apices directed upwards and densely arranged around 45 

the external wall of each corallite. According to Termier & Termier (1945, 1975): 1) the 46 

scales belong to the same organism as the rest of the skeleton, and 2) this organism 47 

could belong to either Alcyonaria or Porifera.  48 

Young & Noble (1987) studied a single corallum of Syringopora bifurcata Lonsdale 49 

(Tabulata) from the Silurian of New Brunswick (Canada) which includes some scales 50 

that are “almost identical” to those described by Termier & Termier (1945, 1975). The 51 

authors interpreted these “epithecal scales” as encrusting organisms of unknown 52 

affinities and considered the genus Syringoalcyon to be a junior synonym of 53 

Syringopora (Goldfuss, 1826).  54 
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Tourneur et al. (1995) revised the original material of Syringoalcyon and the colony 55 

of Syringopora bifurcata described by Young & Noble (1987) using petrographic 56 

sections, cathodoluminescence and electron microprobe analysis (EMPA). These 57 

researchers supported the interpretation of the scales as the skeletons of epibionts of 58 

uncertain biological affinities.  59 

Apart from the type-species, Syringoalcyon maroccana, three other species have 60 

been assigned to this genus within the Palaeotethys: S. dobrolyubovae Tchudinova, 61 

1986 (Aktyubinsk Region, Southern Urals; upper Sakmarian-lower Artinskian); S. 62 

unicum Tchudinova, 1986 (Novotroitsk, Akkermanovka central quarry, southern Urals; 63 

Serpukhovian) and S. tchudinovae Ogar, 1992 (Tien-Shan, Viséan).  64 

The occurrence of epithecal scales similar to those described in Syringoalcyon has 65 

also been cited in several genera of tabulate and rugose corals both from the Silurian 66 

and Lower Devonian (cited in Shurigina, 1972 and Ogar, 1992).  67 

This paper is a biomineralogical study of the Carboniferous genus Syringoalcyon 68 

based on structural, crystallographic and chemical compositional data. The aim of this 69 

study is to find biomineralogical criteria to 1) distinguish the scales from the coral’s 70 

skeleton, 2) provide evidence for the taxonomic assignment of the scale maker, and 3) 71 

interpret the possible role of the scales.  72 

 73 

MATERIAL AND METHODS 74 

The material studied in this research is in the collection of the Universidad 75 

Complutense of Madrid (Spain) and consists of two specimens: 76 

A fragment of the topotype specimen described by Termier & Termier (1975) from 77 

the Viséan of Tizi ben zizouit, Dchar Aït Abdallah region, north-eastern part of the 78 
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Moroccan Meseta called “Massif Central”. Label DPM 00782 SYR01, nine thin 79 

sections and two ultra-thin sections. 80 

A sample from the Viséan of Fuenteobejuna (Ossa-Morena region, SW Spain). Label 81 

DPM 00782 SYR02, two thin sections and two ultra-thin sections. 82 

To identify and evaluate the relationship between the coral and the scales, a 83 

combination of different structural and chemical techniques, including petrographic 84 

microscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), 85 

electron microprobe analysis (EMPA) and cathodoluminescence (CL) were undertaken 86 

at the Universidad Complutense, Madrid (Spain). In order to understand the 87 

crystallographic differences between the coral wall and the scales, computer-integrated-88 

polarization microscopy (CIP) was employed (for details of this technique see Coronado 89 

et al., 2014). A detailed description of these methods can be found in the supporting 90 

information.  91 

 92 

RESULTS 93 

Petrographic microscopy revealed three basic elements: tabulate coral (genus 94 

Syringopora), scales and matrix.  95 

The structural study of the calcitic elements (coral wall and scales) was subdivided 96 

into different parts depending on the scale of the work. Microstructural characterisation 97 

includes the data obtained with petrographic microscopy and SEM from the coral wall 98 

and scales, whereas nanostructural characterisation includes the data obtained by AFM 99 

from the coral wall, scales and echinoderm plates for comparison.  100 

 101 

Petrographic description 102 



5 
 

Tabulate coral 103 

Syringopora is the type genus of the family Syringoporidae whose main features have 104 

been discussed by Tchudinova (1986) and Young & Noble (1987). The following 105 

description is based on the specimens studied in this paper. A more precise systematic 106 

study will be addressed in a forthcoming paper. 107 

The corallum is massive-fasciculate and composed of cylindrical corallites (Fig. 1), 108 

connected by transverse stolons (or tubes). Inside the corallites two main structural 109 

elements can be found: tabulae (sometimes forming an axial tube) and septal spines.  110 

Scales 111 

The main feature of Syringoalcyon is the occurrence of abundant, small, 340 µm (300 – 112 

413 µm), upwardly directed, crook- or scale-shaped structures attached to the outer 113 

walls of the corallites (Fig. 1). These epithecal scales usually cover the entire wall of 114 

each corallite and the upper parts of the transverse stolons, but they never exceed the 115 

highest part of the coral calyx (Figs. 1B, F). Dense stacking of scales occur in tangential 116 

sections of the coral (Fig. 2B and 2C). 117 

In longitudinal section, the scales are crook-shaped; in cross-section, they are 118 

ellipsoidal when cut at their widest part, or linear if the cut is in the more distal, narrow 119 

part. In tangential sections they show an ellipsoidal or sub-rhomboidal outline.  120 

Matrix 121 

Because the specimens studied in this paper come from two locations and different 122 

facies, the matrix surrounding them is varied, although some elements occur in all the 123 

studied samples: sparite patches, automicrite, micropeloids and micrite coating.  124 

Material from Morocco: Packstone composed of micropeloidal micrite, 125 

microdolomite and patches of sparite. Quartz crystals of sub-rounded or sub-rectangular 126 



6 
 

outline are present. The matrix-supported bioclastic elements show micrite coatings and 127 

evidence of corrosion. The main skeletal elements are transported and they consist of 128 

crinoids, bryozoans, brachiopods and foraminifers.  129 

Material from Spain: This matrix is a skeletal grainstone and micropeloidal 130 

wackstone. It is mainly composed of micropeloidal micrite and patches of sparite, in 131 

which Thartarella burrows (Coronado & Rodríguez, 2010) commonly occur.  132 

Microstructure 133 

Petrographic microscopy and SEM show that the coral wall microstructure is formed 134 

by lamellae (sensu Lafuste, 1983). The calcite crystals are straight to slightly wavy, 135 

with indentations at their edges, flake forms and are completely imbricated with each 136 

other showing a compact packaging (Fig, 2B and D). These structures have a lateral 137 

development in two dimensions, with lengths from 9.04 to 39.53 µm (x = 20.25 µm; n = 138 

60), and widths from 2.09 to 5.05 µm (x = 3.25 µm; n = 60).  139 

Holacanth septal spines (composed of fibres) are very closely spaced in transverse 140 

section and irregularly spaced in longitudinal section. They are long and thin and have a 141 

significant development towards the lumen of the coral. In the wall, the occurrence of 142 

strong wavy features is usual (Fig. 2B) and these are the result of the gradual 143 

accommodation of the lamellae around the spines (in both development and direction), 144 

passing gradually from lamellae to fibres (Fig. 2D).  145 

The scales around the coral walls have a single crystal structure that is evident in 146 

both SEM and petrographic images. Both techniques show that the contacts between the 147 

scales and the lamellae are not gradual, as in the transition of fibres to lamellae of the 148 

coral wall. The scales inserted into the wall. They show a basal zone that is flat or 149 

slightly convex, 75 µm in size and 58 µm in depth, which is surrounded by coral 150 
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lamellae (Fig. 2A and E). These lamellae are truncated and/or broken. The region of 151 

contact of the basal zone of the scale with the coral wall, in the area of insertion, 152 

sometimes shows a loss of lamellar microstructure (Fig, S2). The insertion area shows a 153 

region that is sub-granular in petrographic images and cloudy in SEM images (Fig. 2E). 154 

This insertion shows a footstep-shape towards the outside of the corallites (Figs. 2A and 155 

E). Some gaps (depth = 50 µm) occur in areas with loose scales. In slightly tangential 156 

sections, the scales overlap and gaps are present. 157 

The scales have a turbid texture (cloudy appearance) due to the occurrence of 158 

abundant micro-inclusions, which can be opaque or translucent (Fig. 2A). According to 159 

their size and location, two regions can be distinguished in each scale: 1) an external 160 

fringe or cortex where small inclusions (size 0.53 to 1.26 µm) occur (Fig, S2B); and 2) 161 

an inner region or core where large inclusions (size 3.3 to 6.9 µm) are developed (Fig, 162 

S2B). The core starts at the basal region (just at the point of insertion into the coral 163 

wall) and growth is towards the apex, whereas the cortex surrounds the core from the 164 

edge of the coral wall at the footstep-shaped region (Fig. 2A, S2B). 165 

SEM images show that the inclusions have a sub-angular to sub-rounded morphology 166 

and are occasionally filled with crystals (Fig. 2F). The habit and chemistry of these 167 

crystals (known from EDX system and EMPA) suggest that they are dolomite. The 168 

complete dissolution of the sub-rounded impurities and the resulting pierced plane 169 

suggest that they were preserved via dissolution of a previous element.  170 

The scale surfaces show some knobs or protuberances, which are usually disposed 171 

along the edges of a crystal (Fig. 2A). 172 

Nanostructure 173 
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Atomic force microscopy (AFM) has previously been successfully used to observe 174 

the original nanostructure of calcite skeletons of the tabulate coral Multithecopora 175 

hontoriense (Syringoporicae, Coronado et al., 2013) and other fossils such as 176 

scleractinians (Stolarski & Mazur, 2005) and molluscs (Dauphin, 2002). Coronado et al. 177 

(2013) found that the nanotexture of Multithecopora hontoriense is maintained in all of 178 

the structural elements (fibres and lamellae) as a stacking of rod-shaped nanocrystals, 179 

co-oriented in the same structural element. Based on this finding, an AFM study of the 180 

coral walls, scales, and echinoderm plates was designed for comparison. (Fig. 3A).  181 

The AFM images of the coral wall (Fig 3B-D) show at low-scale magnification that 182 

there is a preserved nanotexture, which is composed of granular nanocrystals that form 183 

rows and are co-oriented. 184 

A detailed view of the contact between two lamellae shows that the nanogranules are 185 

pill-shaped and co-oriented to the short side of the lamella (c-axis). This is more clearly 186 

visible in 3D images (Fig. 3D). In phase images, the edges of these pill-shaped crystals 187 

have a dark colour, thus indicating that they have a different composition, e.g., that the 188 

crystals are not uniform (Fig. 3C). Some authors (Dauphin, 2002; Cuif et al., 2008; 189 

Gorzelak et al., 2013) have studied similar envelopes in Recent and fossil organisms 190 

and suggested that they could be organic linings from the original organic matrix. The 191 

poor preservation of this dark coloured lining in the coral wall of the current study could 192 

indicate that nanogranules became partially merged during diagenesis.  193 

The size of the nanocrystals is variable and strongly dependent on the microcrystal 194 

cut. Pill-shaped crystals show lengths that vary between 46 nm and 146 nm (x = 80 nm, 195 

N = 25) and their width fluctuates between 31 and 49 nm (x = 40 nm, N = 25).  196 

The scales show flat regions where pseudo-nanocrystals appear to be completely 197 

merged and the original textures have been obliterated (Fig. S3A-B) and some other 198 
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regions (tens of microns across) that exhibit a visible nanotexture. In these latter areas, 199 

height images reveal that the single crystal structure is composed of co-oriented 200 

nanofibres, while phase images show nanogranules with a dark coating. High-201 

magnification images reveal that these fibres are formed by subunits of granule-shaped 202 

nanocrystals (Fig 3E-I). These subunits are well-rounded and agglomerated in large 203 

units (fibres) around 200 nm in length (Fig. S3C), which have a common orientation in 204 

rows, as is seen in the 3D image (Fig. 3G; Fig. S3D). The sizes of the nanocrystals are 205 

not as variable as in the coral wall. Well-rounded, granule-shaped crystals show a length 206 

that varies between 35 nm and 59 nm (x = 47 nm, n = 25) and a width between 24 and 207 

31 nm (x = 28 nm, n = 25).  208 

As in the scales, the echinoderm plates have large regions that are completely flat, 209 

thus indicating an obliterated nanotexture; these occasionally have the same 210 

morphology as that of rhombohedral dolomite crystals (Fig. S3E-F). Small areas (tens 211 

of microns) even show a visible nanotexture, although evidence of merger is present. In 212 

the areas where the nanotexture is preserved, the echinoderm plates also have granule-213 

shaped nanocrystals with irregular morphologies and sizes and do not show a 214 

preferential orientation. Phase images reveal that the nanogranules have a dark, 215 

although not marked, coating suggesting the occurrence of residual organic matrix. 216 

Rounded granule-shaped crystals show a length that varies between 26 nm and 70 nm (x 217 

= 47 nm, n = 25) and width between 21 and 60 nm (x = 33 nm, n = 25). 218 

The length and width of each crystal has been represented in a scatter plot showing 219 

that the nanocrystals of the coral wall have larger sizes and show a greater dispersion 220 

than those of the scales and the echinoderm plates (Fig. S4). The crystal sizes of the 221 

scales and the echinoderm plates are quite similar, although the nanocrystals of the 222 

scales show a smaller dispersion.  223 
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Chemical composition 224 

EMPA mapping (Fig. 4) of ten elements (Ca2+, Mg2+, Sr2+, S6+, Ba2+, Na+, Mn2+, 225 

Fe2+, Al2+ and Si2+) from sample DPM 00782 SYR01 was performed to evaluate the 226 

chemical composition of the scales and the coral wall. In the backscatter electron image 227 

(BSE) and the petrographic micrograph (Fig. 4L), two longitudinal sections of scales 228 

showing insertion into the coral wall (Fig. 4A, left) and the surrounding matrix can be 229 

observed. The brightness (grey-scale) of the BSE image depends mainly on the atomic 230 

number of elements at each point. Four main regions can be distinguished in the BSE 231 

image (coral wall, scale, insertion-edge of coral wall zone and matrix, Fig. S5). The 232 

BSE image of the sample shows some microstructural details of scales including the 233 

cortex with impurities (Fig. S5A, S2B), the different shaded pattern at the insertion zone 234 

and the large and black impurities in the scale’s core. In this BSE image the coral wall 235 

is characterised by a homogeneous shade in which the lamellar frame is visible.  236 

Levels of Ca2+ and Mg2+ (Figs. 4B-C) are quite homogeneous in the coral wall, 237 

except for isolated spots. In contrast, the scales have variable amounts of Ca2+, being 238 

more uniform towards the apex of the scale (Fig. 4B). In those zones where there are 239 

microcrystals, the Ca2+ concentrations are even lower but the Mg2+ is higher. These 240 

crystals, or spots, with high Mg2+ are concentrated at the insertion regions of the scales 241 

and scattered in an isolated manner at the edge of the coral wall. The increase in Ca2+ in 242 

the regions surrounding these crystals and the high amount of Mg2+ in these zones 243 

indicate that they are microdolomite crystals. On the other hand, EMPA mapping shows 244 

high Mg2+ concentrations surrounding the scales and at the edge of coral wall, which 245 

match with the presence of a micritic coating (Fig. 4L). 246 

Sr2+ and Na2+ are homogeneous except in some silicate crystals of the matrix (Figs. 247 

4G, K). Similarly, Ba2+ has a homogeneous distribution in the coral wall and depletion 248 
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in the scales, with a high concentration at the edges of the scales and in the matrix (Fig. 249 

4J). In addition, Fe2+ and Mn2+ have a uniform distribution in the coral wall. In the 250 

scales, there are places (the edge of crystals, some altered regions) where the Fe2+ is 251 

more abundant and that matches the bright zones in the BSE image. Furthermore, the 252 

Mn2+ concentration is uniform in both the coral wall and scales and is at lower levels 253 

than in the matrix. Al2+ and Si2+ have been mapped to highlight the areas with silicate 254 

minerals (Figs. 4F, I). The distribution of these elements coincides both in the matrix, 255 

and in the micritic coating surrounding the scales; it also coincides with Ba2+ 256 

distribution (Fig. 4J). Finally, there are places where the amounts of aluminium are 257 

higher and they correspond with the spots with impurities in the zone of contact 258 

between scale-coral walls and the interior of the scales. Most likely, these facts can be 259 

explained as the result of recesses that became contaminated with alumina powder 260 

during the polishing process.  261 

Interestingly, S6+ exhibits a homogeneous distribution in the coral wall and in the 262 

micritic coating around the scales. In previous studies, the content of S6+ in skeletons 263 

and shells was interpreted as a substitution of SO4- groups for CO3- (Grossman et al., 264 

1996; Dickson, 2001), suggesting an inorganic origin of this element. More recently, it 265 

has been shown that S6+ is organic in origin and most likely belongs to the SO4- groups 266 

of sulphate polysaccharides and the S amino acids of the organic matrix (Cuif et al., 267 

2003; Cuif & Dauphin, 2005; Cusack et al., 2008). Finally, there are isolated spots in 268 

the scales where the amount of S6+ is higher than in other parts. These spots, viewed 269 

under a petrographic microscope and in BSE images, match with micro-impurities in 270 

the scales (both core and cortex), which do not have a high concentration of Al2+, 271 

suggesting a point concentration of organic molecules. 272 



12 
 

In addition, 261 point analyses were performed on the coral wall, scales and 273 

echinoderm plates for comparison. The values of EMPA were normalised to mol % of 274 

CaCO3, MgCO3, SrCO3, MnCO3 and FeCO3. The values of S6+, Na2+ and Ba2+, were 275 

given as ppm. Table S1 summarises the EMPA analyses for the three elements that were 276 

selected, representing the mean, standard deviation (S.D.), minimum, maximum and 277 

median.  278 

All analyses in the coral wall show a homogeneous composition with little spatial 279 

variation (Fig. 5A). Two transverse lines of different corals were analysed and plotted 280 

together, to check for internal variation within the wall. The Mg2+ / Ca2+ values in the 281 

coral show a linear correlation (R2=0.876) and these elements are located at the same 282 

spaces in the lattice of CaCO3. The variation of these elements depends on different 283 

processes, with uptake of other elements (such as Sr2+ or Ba2+) replacing the Mg2+ 284 

during coral growth or by alteration of calcite during diagenesis, replacing the Mg2+ 285 

with Fe2+ and Mn2+ (Barbin, 2013; Coronado et al., 2013). The mean value of CaCO3 in 286 

the coral is 95.47 mol % and cross-sections toward the wall show flat tracks (i.e. a 287 

homogeneous composition) according to these values. At the inner edge of the coral 288 

wall (just some microns near the calcitic cement), the CaCO3 exhibits slight depletions 289 

while the MgCO3 show small increases. The opposite can be seen at places close to the 290 

scale insertion points, where the values of Ca2+ increase while those of Mg2+ decrease. 291 

These places also show a strong increase of the Fe2+ and Mn2+ values. 292 

Most likely, these areas were altered by fluid flow at the contact between the wall 293 

and the scales. These elemental patterns match with the data provided by EMPA 294 

mapping. The MgCO3 mean value in the corals is 3.97 mol % (Table S1), close to the 295 

lower limit of high magnesium calcite (HMC), at 4 mol % of MgCO3. Twelve points 296 
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have values higher than 4 mol %, all of them being points of alteration zones at the 297 

inner edge of the wall or in the insertion zones of the scales.  298 

The amounts of MgCO3 in the different components are compared using box charts 299 

(Fig. 5B-C). The mean and median values are similar in all, but the maximum and third 300 

quartile of the data has HMC values in the scales. The occurrence of microdolomite 301 

inside the scales (as determined by SEM, BSE and EMPA mapping and HMC values 302 

from punctual analyses) indicates that they could be composed of HMC. Echinoderm 303 

plates are composed of HMC (Dickson, 2001, 2004; Lowenstam and Weiner, 1989) and 304 

the BSE images show microdolomite and celestine inclusions scattered in the stereome 305 

of the echinoderm plates in our material (Fig. S5C). Therefore, the HMC values of 306 

scales and echinoderm plates were plotted in comparison with the low magnesium 307 

calcite (LMC) values of the coral wall. Echinoderm plates have higher values than the 308 

scales, rising to 10.49 mol %. The mean, S.D., minimum, maximum and median values 309 

are summarised in Table S2. Both components exhibit similar values of the mean and 310 

median, but the echinoderm values are slightly higher than those of the scales. On the 311 

other hand, the mean values of SrCO3 for the coral wall, scales and echinoderm are 312 

similar. The differences among the three components lie in the range of variations, with 313 

the echinoderm plate having lower and more restricted values than the scales.  314 

CL images were taken with the purpose of evaluating and correlating the geochemical data 315 

provided by EMPA. Several kinds of luminescence were observed in the three main 316 

components analysed here (coral wall, scales and matrix). The luminescence of the coral wall is 317 

null (NL) or dull (DL) depending of the area, being brighter in the wall edges, in the insertion 318 

areas of scales and in some isolated points (Fig. S6, S7). In contrast, the scales are mainly 319 

luminescent (L) in the core and DL in the cortex, although this result depends on the 320 

preservation state of the scales. Those scales that have micritic coatings exhibit a bright 321 

luminescence in the external part (Fig. S7c-d), whereas those showing dull luminescence have 322 
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magnesium contents similar to those occurring at the coral wall (Fig. 4C). Luminescent 323 

microcrystals in the inner part of some scales correspond with dolomite crystals and confirm the 324 

data provided by the EMPA maps (Fig. 4C). Other scales have a DL or NL in the inner part of 325 

the apex (Fig. S6 c-d; S7a-b) but they show low and homogenous contents of magnesium in the 326 

outer parts.  327 

On the other hand, matrix and cements exhibits several kinds of luminescence depending of 328 

their composition. The micritic areas have a dull luminescence brighter that those showed by the 329 

coral wall. The quartz grains have not luminescence and the diagenetical micro fractures, and 330 

some sparitic rims of lumen cement have a bright luminescence (Fig. S7). Some isolated 331 

crystals of dolomite of the matrix show a high luminescence, similar to those observed in the 332 

inner part of scales (Fig. S6a-b). 333 

 334 

Crystallographical features 335 

Three c-axis orientation images (COI) and their corresponding pole-figures were 336 

obtained using the CIP method from different parts of two ultra-thin-sections. This 337 

analysis was performed to determine the crystallographic correlation between the scales 338 

and the coral wall (Fig. 6). The petrographic micrograph shows the wavy structure of 339 

the lamellae (L) adapting to the development of a septal spine (S). The orientation 340 

image shows three main colour regions (green, yellow and dull magenta). The lamellar 341 

region shows an orientation of the c-axis perpendicular to their morphological axis in 342 

the azimuth and slightly tilted approximately 60° to the growth direction in inclination 343 

(Figs. 6D-E). The septal spine is represented by the same colours but more intense than 344 

the lamellae in the centre of the wavy region. Unlike the lamellae, their fibres have the 345 

c-axis oriented parallel to the morphological axis and show a tilting of approximately 346 

50° and an orientation rotated nearly 30° with respect to the lamellae. This corresponds 347 

to the orientation of the septal spine toward the growth of the coral. The morphological 348 
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axis and therefore the c-axis of those lamellae forming the spine flanks turn around the 349 

septal spine. Consequently, their c-axis becomes rotated by 45° in the azimuth and the 350 

inclination became analogous to those of the septal spine fibres.  351 

The scales are arranged tangentially to the coral wall. The petrographic micrograph 352 

shows the interruption and truncation of lamellar growth and the incorporation of 353 

lamellae into the scale (Fig. 6A, white arrows). The orientation of the c-axis of the 354 

scales is represented by dull colours, which means a very upright orientation of the c-355 

axis in the standard colour look-up table (CLUT), as can be seen in the pole figure and 356 

the selected regions (Fig. 6E). 357 

Figure S8 represents a longitudinal section of Syringopora showing the place where 358 

scales insert into the coral wall, and the basal zone with a step-shaped path in the widest 359 

region. The petrographic micrograph shows that the lamellae are cut in the insertion 360 

zones. The lamellar region has a well-differentiated orientation in the c-orientation 361 

images (Fig. S8C). Green, yellow and dark magenta colours indicate a c-axis orientation 362 

that is perpendicular to the morphological axis, and the inclination is at low angles (35° 363 

to 60°, depending on the section), in contrast to Fig. 6 where the lamellae have a greater 364 

inclination to the pole maxima. A slight wavyness of the lamellae is observed in the 365 

coral wall and the variation of the c-axis is the broadest (Fig. S7E). 366 

Diagenetic alteration can be mapped with CIP because during the process of 367 

dissolution/co-precipitation the original crystallographic orientations are lost, even if the 368 

microstructure is preserved (Pérez-Huerta et al., 2007, 2011, 2012; Coronado et al., 369 

2013, 2015; and Moreno-Azanza et al., 2013). In polycrystalline and well-structured 370 

skeletons, as is the case of those with carbonate-controlled biominerals (e.g., corals, 371 

molluscs, brachiopods, egg-shells, which have a great crystallographic control), the 372 

crystallographic orientations are random after diagenesis. This premise could be applied 373 
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to the c-axis orientations in the CIP method (Coronado et al., 2014). SEM images of 374 

insertion zones show that these regions have lost the microstructure and the EMPA and 375 

CL data show diagenetic alteration (Fig. 4, S6, S7). Orientation images show that these 376 

cloudy zones have random orientations, which confirm that they are affected by 377 

diagenesis. These regions are part of a track of alteration from the external wall toward 378 

the lumen, in which some lamellae zones show varied orientations. 379 

Moreover, the scales exhibit a wide range of c-axis orientations. It can be observed 380 

that the scales mostly have a magenta colour but some are yellow and orange. Magenta 381 

scales represent tangential sections in which the c-axis is sub-parallel to the 382 

morphological axis (with an inclination of 60° – 70°, Fig. S8E). Instead, yellow and 383 

orange scales are not oriented regarding to the morphological axis. The alteration 384 

patterns can be observed in the scales at the lower right corner of the orientation image 385 

(Fig. S8E), where the orientation changes inside affecting the adjacent scale. Internally, 386 

the scales show small sub-angular micrometric zones where the orientation of the axis is 387 

different from the scale orientation. These zones correspond to microdolomite 388 

inclusions.  389 

 390 

A tangential section of the coral wall (Fig. 7) shows the classical egg-box structure 391 

produced by the curvature of lamellae surrounding the septal spines. In the edge of coral 392 

wall can be observed the insertion of longitudinal scales and others slightly rotated and 393 

cut by them. Two main orientations of scales occur in both pole figures and c-axis 394 

orientation images. One shows a dull magenta colouration (E1) and the other displays a 395 

dull green colouration (E2). The variation of these orientations is due to the rotation of 396 

the morphological axes of the scales. Although the azimuth is preserved during the 397 

development of the scale, which is sub-perpendicular to the morphological axis, the 398 
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inclination varies internally. This variation is preserved at all scales analysed, being 399 

approximately 30° from the basal zone to the apex (Fig. 7A-D). This variation could 400 

also be seen in the extinction patterns in the petrographic micrograph (Fig. 7E).  401 

 402 

DISCUSSION  403 

Before discussing in depth the previously described mineralogical and structural 404 

features, it is important to clarify if the scales have or have not preserved their original 405 

properties.  406 

AFM studies show that the scales are partially nano-recrystallized. This means that 407 

although the microstructure is preserved, the nanocrystals have experienced dissolution-408 

precipitation partially obliterating the original nanostructure, as can be observed by the 409 

merger of crystals and the loss of dark coatings (Fig. S3A-B). Similar results have been 410 

obtained by Cuif (2014) in fossil Rugosa and Scleractinia. These recrystallization 411 

patterns are also observable by CIP, because some scales show diagenetic alteration 412 

patterns (Fig. S9), resulting in different orientations of the c-axis. A dull blue colour 413 

indicates an inclination similar to other scales and is representative of a concordant c-414 

axis (but rotated, because this is a transverse section of the scale). In other areas of this 415 

scale, the original orientation of c-axis (blue dull regions) is obliterated by an alteration 416 

pattern (recrystallization front, dull yellow colour), which has a different orientation 417 

(almost orthogonal). Euhedral crystals, most likely of microdolomite and calcite, show 418 

blue and deep red colours and a random orientation pattern in the pole figure (Fig. S9).  419 

The co-existence of original and altered areas can be explained if the processes of 420 

dissolution-precipitation occur as a slow transformation at both nano and molecular 421 

scales. HMC is metastable in non-marine diagenetic environments (Ross, 1991). Fluids 422 
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dissolve HMC and precipitate LMC by Mg2+ ion flux, preserving the c-axis orientation 423 

and the original micro-morphology. For this process to occur, the new growth or 424 

precipitation of calcite should be epitaxial, thus preserving some islands of original 425 

information (including crystallo-chemical features). This type of process has been 426 

observed in echinoderm skeletons (Oti et al., 1989; Dickson, 2001). 427 

Data from previous analyses have shown strong differences between the scales and 428 

the coral wall. These differences are mainly related to the following factors:  429 

Size: The scales are larger than any other element known in Palaeozoic corals.  430 

Microstructure continuity: The coral wall is characterised by a framework composed 431 

of skeletal elements (lamellae and fibres), which behave as a continuous structure. The 432 

microcrystalline elements change gradually between the different morphologies, 433 

adapting their c-axes progressively. The gradual accommodation of microstructural 434 

elements is essential (Lafuste, 1978; Coronado et al., 2013) in Palaeozoic corals. 435 

However, in Syringoalcyon the contact between lamellae and scales is abrupt, showing 436 

cut and truncated lamellae, even in some partially altered places. This abrupt change 437 

cannot be explained by pressure-dissolution processes produced during diagenesis, 438 

because this contact show the typical footstep-shape in all scales independent of their 439 

position in coral walls whereas other skeletal elements of the matrix do not show this 440 

feature.  441 

Another distinctive feature of the scales is their inner microstructure composed of a 442 

cortex and a core, which can be easily differentiated regardless of diagenetic alteration. 443 

These two components have never been previously recognized in Palaeozoic corals.  444 

Nanostructure: In spite of diagenesis, the nanostructures of scales and coral wall are 445 

observables although they show visible signs of alteration. The nanostructural 446 
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arrangement suggests that the microcrystals are biocomposite co-oriented, similar to 447 

those described by Coronado et al. (2013) and Coronado et al. (2014). The 448 

nanostructural elements of the scales have different shapes and sizes (Fig. S3) in regard 449 

to coral walls.  450 

Mineralogy: The coral wall is LMC with a null luminescence or dull luminescence 451 

except for some altered crystals located at the wall edges that show a variable 452 

composition and a bright luminescence. In contrast, the scales are LMC, having some 453 

regions where the original nanotexture is preserved and HMC remains. Additionally, the 454 

presence of microdolomite and patterns of depletion of Mg2+ with respect to Ca2+ can 455 

explain the LMC formation as can be seen in EMPA maps and CL images.  456 

Crystallography: The coral wall is characterized by a crystallographic arrangement 457 

similar to this known in other Syringoporicae and in which the c-axis has a direction 458 

from the external part of the corallite towards the lumen, always parallel to fibres and 459 

perpendicular to lamellae. This arrangement is consistent with the co-orientation of the 460 

nanocrystals observed using AFM (Fig. 3D). In the transverse section, the c-axes of the 461 

lamellae point to the lumen and are slightly tilted to the growth direction, whereas in 462 

longitudinal section, the c-axis is even more perpendicular to the coral wall, and the 463 

tilting is lower (Coronado et al., 2013, 2014, 2015). Coronado et al. (2015) describe the 464 

growth mechanisms of this superfamily of tabulate corals from the crystallographic 465 

study of the generation of calices; the growth direction is divided into two main 466 

components, a horizontal growth direction towards the lumen and a vertical direction 467 

towards the outside. In contrast, the scales have a variable c-axis orientation and its 468 

direction is from the footstep-shape insertion area towards the apex, a pattern that has 469 

never been described before in Syringoporicae. 470 
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Although some cnidarian (e.g. Hydrozoa and Gorgonacea, Lowenstam and Weiner, 471 

1989) have been described with two polymorph minerals (calcite and aragonite) in their 472 

skeletons, their occurrence is located in different anatomical parts, which depend on the 473 

taxa (Lowenstam, 1964; Cairns and Macintyre, 1992). In addition, they always occur in 474 

the same crystalline element forming the skeletons (e.g. fibres), so they are integrated in 475 

the microstructure. The generation of crystalline elements with polymorphs in different 476 

parts of the skeleton, lacking a morphological continuity and showing various 477 

crystallochemical properties requires a differentiated mineralizing tissue, as happens in 478 

molluscs (Cuif et al., 2011). These tissues and processes have never been described in 479 

cnidarians. According to these data, Syringoalcyon should not be considered as a bi-480 

mineral organism and the scales should have an origin different from that of the 481 

Syringopora coral wall.  482 

Young & Noble (1987) and Tourneur et al. (1995) interpreted these scales as 483 

belonging to an epibiont. The results of our study support this interpretation and go a 484 

step further by providing evidences about the biological affinities of this epibiont.  485 

 486 

Biological affinities of the epibiont 487 

The firsts attempts to identify Syringoalcyon were made by Termier & Termier 488 

(1945) who linked this genus (and not just the scale maker) to Stolonifera (Alcyonaria), 489 

and then to Porifera or to Alcyonaria (Termier & Termier, 1975). Tourneur et al. (1995) 490 

considered the scales to be the product of an organism of uncertain biological affinities. 491 

To date, no further attempts have been made to clarify the systematic position of the 492 

scale maker.  493 
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The occurrence, size, single crystal appearance on the micro-scale and HMC 494 

mineralogy of the scales are features that fit several Palaeozoic invertebrate groups 495 

bearing scales or large crystals, mainly Echinodermata, Porifera and Alcyonaria.  496 

The occurrence in the matrix among the corallites of sparitic patches, micropeloids, 497 

automicrite and Thartharella burrows point to the former presence of organic material 498 

in these places. The ichnogenus Thartharella, probably generated by a polychaete 499 

annelid, is often observed where some type of soft tissue (e.g., sponges and large 500 

bacterial mats) occurs (Krainer et al., 2003; Coronado & Rodríguez, 2009), most likely 501 

because they provide a nutrient source for the tracemaker. Thus, the occurrence of these 502 

elements and the absence of scales in the core of the voids among the corallites suggest 503 

that a soft-tissue organism occupied the spaces (Fig. 8). This feature allows us to reject 504 

organisms with articulated skeletons (echinoderms), which had been taken in account 505 

because of the morphology and indented edges of the scales.  506 

Related to HMC Porifera skeletons, the morphology and distribution of hexactinellid 507 

spicules are quite different from the scales described in this paper.  508 

The occurrence of a soft body and the HMC mineralogy and morphology of the 509 

scales match the features of Alcyonaria (or Octocorallia), a group of Cnidaria with 510 

polyps bearing eight tentacles. Alcyonaria also show mineralised tissues, many 511 

constituted of different types of spicules or sclerites (Cuif et al., 2011). The taxonomy 512 

of this group is mainly based on the morphology of their spicule associations and has 513 

been quite difficult to apply in fossil organisms (Bengtson, 1981; Chatterton et al., 514 

2008). Although there is no agreement on the first record of the octocorals: Cambrian 515 

(Ausich & Babcock, 1998; Taylor et al., 2013), Early Ordovician (Cope, 2005), Silurian 516 

(Bengtson, 1981) or even Ediacaran (McMenamin, 1998), the earliest known spiculate 517 

alcyonarian is Atractosella, from the Llandovery-Wenlock of Gotland (Sweden). 518 
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Nevertheless, most alcyonarian fossils are from the Cretaceous and Cenozoic (Bayer, 519 

1956; Nudds & Löser, 2001).  520 

The alcyonarian-calcified elements (spicules or holdfasts, in some Gorgonacea) 521 

consist for the most part of HMC, and in some few cases of aragonite and 522 

hydroxyapatite (Cuif et al., 2011). The precise shape of each spicule is specific, 523 

although within a species the shape varies according to the anatomical site where it 524 

grows, suggesting that the processes of spicule formation are well controlled 525 

(Lowenstam & Weiner, 1989). The spicules in alcyonarians are produced in cellules 526 

(scleroblasts) in ectodermal-endodermal layers of mesoglea. This growth begins in the 527 

vacuole of the scleroblast, which contains organic matrix as a template and can be 528 

completed in the extracellular environment, enclosing great amounts of organic matrix 529 

into the spicule (Kingsley, 1990). For this reason, during the biocrystallization process 530 

the number of black bodies (intracellular vesicles) inside the scleroblast increases 531 

(Majoran, 1987).  532 

The spicules are formed by long, joined fibres (Dauphin, 2006; Cuif et al., 2011), 533 

which are organised into concentric layers representing successive stages of growth 534 

(Majoran, 1987; Dauphin, 2006). AFM study indicates that calcareous fibres are formed 535 

of nodular micro-domains. Phase images show nanometric elements with grain-shapes 536 

(Dauphin, 2006; Cuif et al., 2011). Schmidt (1924) studied the structural organisation of 537 

alcyonarian spicules under polarised light and described four types of c-axis orientations 538 

that match with different morphologies. Bengtson (1981) summarised the four 539 

morphologies of alcyonaria spicules (spindle-shaped sclerites; spindle or rod-shaped or 540 

tuberculated sclerites; rounded or scale-shaped sclerites and spindle-shaped 541 

turberculated sclerites).  542 
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The scales presented herein match the features of alcyonarian spicules. AFM data 543 

show that the scales consist of bundles of sub-micrometre fibres (200 nm in width) 544 

oriented parallel to the c-axis development similar to those described by Dauphin 545 

(2006). Large magnification areas show that the fibres consist of well-rounded granules 546 

of 47 nm length that look like the nodular micro-domains described by Cuif et al. 547 

(2011) in alcyonarian spicules. The c-axis is perpendicular to the morphological axis 548 

and changes along the crystal up to the apex, a fact that explains the undulose extinction 549 

observed under polarised light. The spindle-shaped spicules of alcyonarians have a c-550 

axis oriented perpendicular to its morphological axis (Majoran, 1987) and the 551 

morphology and ornamentation of Syringoalcyon scales is similar to those of the 552 

spindle-shaped sclerites (Figs. 8A-D). 553 

Assuming the scales of the epibiont belong to Alcyonaria, we may use the current 554 

knowledge of the controlled biocrystallization process of Recent alcyonarians in order 555 

to infer how the scales were produced in the past. For this purpose, some observations 556 

can be especially useful. At nanoscale, a fibrous arrangement with a stepped-growth 557 

mode and co-oriented elements is observed (Figs. S3C-D). At microscale, the 558 

development of a cortex non-integrated into the insertion area is seen. The impurities 559 

causing the cloudy appearance of scales show a different size in the cortex (where they 560 

are smaller) than in the core (where they are larger). According to these observations, 561 

the nucleation of scales would be produced inside a scleroblast located in an ectodermal 562 

layer and their growth would start in a zone close to the coral wall, probably in an extra-563 

cellular environment. The acid conditions of this contact area would dissolve the 564 

lamellar skeleton of the host coral and cause insertion into the coral wall. Furthermore, 565 

this growth would produce a cloudy cortex (resembling the concentric layered pattern of 566 
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alcyonarians). In fossil scales the impurities could be a reflection of alcyonarian black 567 

bodies. 568 

Taxonomical and palaeoecological implications of the genus Syringoalcyon will be 569 

studied in depth in a forthcoming paper highlighting the importance of alcyonarian-570 

tabulate coral association in the Palaeozoic seas. 571 

 572 

CONCLUDING REMARKS 573 

Cuif et al. (2011) stated that the study of biomineralization is critical to understanding 574 

the events of biological evolution, relationships between fossil and Recent groups and 575 

the use of biomineral materials as geochemical proxies. Some biomineral features (i.e. 576 

structure to micro- and nanoscale, crystallographic properties, geochemical signature of 577 

organic and inorganic phases) are characteristics of these groups through time, as occurs 578 

in brachiopods, molluscs and corals, among others (Dauphin, 2002; Stolarski & Mazur; 579 

2005; Pérez-Huerta et al., 2007; Porter, 2010). Different groups share some of these 580 

characteristics as they arise from a common biocrystallization process and thus these 581 

features act as a unique fingerprint of their journey through life. Besides, Mann (2001) 582 

established that the biominerals have some properties which are characteristics 583 

regarding their inorganic counterpart (as chemical compositions, crystallography, 584 

structures, mechanical properties and so on; as, for instance, in the case of nacre, 585 

trilobite calcitic lens or otoliths). These specific properties facilitate the identification of 586 

biogenic structures in the fossil record and their comparison with other organisms or 587 

biomineralization strategies (Jackson et al., 2010; Cuif et al., 2011; Sabbatini et al., 588 

2014). The present paper summarises the main differences between the biominerals 589 

forming the coral wall of Syringopora and those constituting the scales of the epibiont 590 

that habited in the waters of Palaeotethys. Even being partially altered, the distinctive 591 



25 
 

biomineral-characteristics of the scales have permitted to establish a systematic affinity 592 

of these remains with the Alcyonaria. This means that, like other groups (Stolarski & 593 

Mazur, 2005; Porter, 2010; Cuif et al., 2011), the biocontrolled-features of the 594 

alcyonarian skeletal elements have kept recognizable properties through the fossil 595 

record. This fact means that biomineralization studies must be used as a complementary 596 

tool in palaeontology. 597 
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Figure Captions:  756 

Fig. 1. Macroscopic features of Syringoalcyon. A-C. Specimen DPM 00782 SYR01. A. 757 

Transverse section. Matrix, most likely micritic or microsparitic in origin, is currently 758 

dolomitised. Sparitic patches between corallites, micritic coatings around bioclasts and 759 

scales have been preserved. B. Longitudinal section showing the scales arranged around 760 

the corallites but no to growing in advance of the calices. Note the dense stacking of 761 

scales over a stolon (white arrow). C. Detail of a transverse section showing the entry of 762 

the scales into the coral wall. Note the occurrence of large bioclasts with micritic 763 

coatings and a dolomitised matrix with abundant quartz D-F. D. Transverse section 764 

showing the patchy arrangement of the sparite, and the occurrence of micropeloidal-765 

micrite, micritic coatings around the bioclasts and Thartharella. E. Longitudinal section 766 

showing the void between two corallites of Syringopora. Note the scales pointing to the 767 

central space, which is filled by sparite. F. Detail of the scales just over a connecting 768 

tube showing their insertions into the coral wall. Th: Thartharella. Mp: Micropeloids. S: 769 

scales. 770 

Fig. 2. A-C. Ultrathin-section images from Syringoalcyon, sample DPM 00782 SYR01. 771 

A. Detail of scales and their insertion (yellow arrow) into the coral wall. White arrow 772 

shows the basal zone. B. Transverse section of Syringoalcyon showing a transverse cut 773 

of the scales. Yellow arrow points to the protuberances of the surface. C. Tangential 774 

section of Syringoalcyon showing a dense stacking of ellipsoidal scale sections. Yellow 775 

arrow shows the classical egg-box structure usually seen in the walls of the coral 776 

Syringopora. D_F. SEM images from Syringoalcyon, sample DPM 00782 SYR02. D. 777 

Longitudinal section of Syringopora. White arrow shows the gradual change between 778 

lamellae and fibres in contact with a septal spine. Yellow arrow shows the lamellar 779 

microstructure of a tabula. E. Contact between scales and coral wall. Yellow arrows 780 
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show the step-shaped insertion area. White arrow shows the external cortex in the 781 

scales. F. Detail of the microstructure of a scale. Note the angular raised microdolomite 782 

crystals and the total dissolution of impurities showing a pierced plane.   783 

Fig. 3. A. Thin-section image of the areas of Syringoalcyon studied by AFM from the 784 

sample DPM 00782 SYR01. B_D. AFM images of the coral wall. B. Height image of 785 

the longitudinal section of a lamella. C. Phase image of B, where pill-shaped 786 

nanocrystals are observed. Note the contact with the adjacent lamella and the transverse 787 

cut of the nanocrystals. D. Three-dimensional AFM image of nanocrystals of 788 

Syringopora coral wall in contact with other lamella. The red arrow shows the direction 789 

of the c-axis. E-I. AFM images of a scale. E. Phase image where granule-shaped 790 

nanocrystals are observed. Note the agglomeration of well-rounded large units and the 791 

lineation in the nanofibres. F. Height image of (E) image where the co-orientation of the 792 

nanocrystals is observed. G. Three-dimensional AFM image of nanocrystals of the 793 

scales. Red arrow shows the direction of the c-axis. H,I. Phase and height images of the 794 

nanogranules which make up the nanotexture of the scales. Note the dark coating 795 

around the crystals. J-L. AFM images of a echinoderm plate. J. Phase images displaying 796 

evidences of nano-recrystallisation. Note the merging of nanocrystals at the bottom of 797 

the image. K,L. Phase and height images showing more details of the original 798 

nanotexture of the echinoderm plate. 799 

Fig 4. Syringoalcyon EMPA mapping. A. Specimen DPM 00782 SYR01. BSE image 800 

showing the contact between the scales and the coral wall. In the insertion zone, note 801 

the different colour between the scale and the coral wall. B-K. Mapping of different 802 

elements (Ca2+, Mg2+, Fe2+, Mn2+, Al2+, Sr2+, S6+, Si2+, Ba2+ and Na+). L. Thin-section 803 

image of the studied area. Note the micritic coatings around the scales located at the 804 

edge of the coral wall. 805 
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Fig. 5. A. Chart showing the distribution of the amounts of the major elements (Ca2+ 806 

and Mg2+) along two transverse lines across the coral walls and from different corallites 807 

(DPM 00782 SYR01). B. Box-chart showing the amount of MgCO3 in the three 808 

investigated components. C. Box-chart showing the amount of MgCO3 in the three 809 

studied components, but just plotting the HMC values for the epibiont scales and 810 

echinoderm plates. 811 

Fig. 6 Syringoalcyon, sample DPM 00782 SYR01. CIP images and the derived c-axis 812 

pole figures of a transverse section of Syringoalcyon and the area of insertion of the 813 

scales. A,B. Ultra-thin section image of the investigated area. A. Large magnification 814 

image. B. Yellow frame shows the studied area and its position in the coral wall. C. 815 

Orientation image of the studied area. Black regions belong to the thick region of 816 

contact between the crystals and opaque impurities and they were not considered for the 817 

c-axis pole figure calculation. D. Pole figure of the entire investigated area calculated as 818 

an orientation distribution function and provided in multiples of uniform distribution 819 

intervals of 0.5 for c-axis orientations. Standard colour look-up table (CLUT) in the 820 

lower region. E. Pole figures of some areas studied in detail and superimposed to the 821 

whole pole figure. Red points correspond to the punctual c-axis orientation of each 822 

pixel. L-region belongs to the lamellar zone in the wavy area. S-region belongs to the 823 

septal spine region. Note the rotation of the c-axis of 45° in relation to the lamellar 824 

region. E1 and E2-regions belong to different epibiont scales. 825 

Fig. 7 A-C and H. Syringoalcyon, specimen DPM 00782 SYR01. CIP images and 826 

derived c-axis pole figures of a tangential section of Syringoalcyon where the scales are 827 

inserted. A. Ultra-thin section image showing the investigated area. B. Orientation 828 

image of this area. Black regions belong to regions of thick contact between crystals and 829 

opaque impurities and they were not considered for the c-axis pole figure calculation. C. 830 
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Pole figures of different areas where a more detailed study was achieved superimposed 831 

to the whole pole figure. Red points correspond to the punctual c-axis orientation of 832 

each pixel. E1 and E2-regions belong to different scales. L1 and L2-regions belong to a 833 

zone composed of lamellae. H. Pole figure of the whole area calculated as an orientation 834 

distribution function, given in multiples of uniform distribution intervals of 0.5 for c-835 

axis orientations. Standard colour look-up table (CLUT) in the lower region. D-G. 836 

Three-dimensional sketches showing a reconstruction of the scales. Note the texture 837 

caused by protuberances. 838 

Fig. 8 Life reconstruction of Syringoalcyon, composed of tubes of the tabulate coral 839 

Syringopora and an unknown alcyonarian that occupies the voids among the corallites.  840 



















Reconstructing a Carboniferous inferred coral-alcyonarian association 

using a biomineralogical approach  

Supporting Data 

Ismael Coronado,  Esperanza Fernández-Martínez, Sergio Rodríguez, Francis Tourneur 

a* Departamento de Paleontología, Universidad Complutense de Madrid, C/José Antonio Nováis 2, Ciudad Universitaria, E-
28040 Madrid, Spain. icoronad@ucm.es 
b Departamento de Geografía y Geología, Facultad de Ciencias Biológicas y Ambientales, Universidad de León, Campus de 
Vegazana s/n, 24071 León, Spain. e.fernandez@unileon.es 
c Instituto de Geociencias (IGEO. CSIC-UCM), C/José Antonio Nováis 2, Ciudad Universitaria, E-28040 Madrid, Spain. 
sergrodr@geo.ucm.es 
d Pierres et Marbres de Wallonie, ASBL. 11, rue des Pieds d’Alouette. B-5100 Naninne, Belgium. 
francis.tourneur@pierresetmarbres.be 

 

RELATIVE TO METHODS 

Microstructural characterisation 

SEM and petrographic microscopy were used for visualisation and characterisation of the 

microstructures in both corals and scales. Specimen DPM 00782 SYR02 was cut, polished 

and etched with formic acid 2% solution for 7 seconds for SEM. Images were obtained with a 

JEOL JSM-6400 scanning electron microscope operated to 20kV, equipped with an EDX 

system, located in the National Centre of Electron Microscopy (Universidad Complutense de 

Madrid, Spain). Four ultra-thin sections (two transverse and two longitudinal from the 

Morocco and Fuenteobejuna specimens) were studied using petrographic microscopy. 

Samples from the Los Santos de Maimona section were rejected due to the poor preservation 

of the fossils. 

Nanostructural characterisation 

To study the samples with AFM, a piece of a thin-section made from specimen DPM 

00782 SYR01, and previously studied using petrographic microscopy, was cut by a circular 



diamond cutter. The piece of thin-section was etched with a Milli-Q water solution for 7 h and 

observed with an Atomic Force Microscope (model Digital Instruments Nanoscope IIIA 

(Veeco), located at the National Centre of Electron Microscopy (Universidad Complutense de 

Madrid, Spain)). The images were obtained at room temperature and in air using a tapping 

mode with a silica tip. The images were processed with Nanoscope software v5.30 r3 sr3 of 

Veeco Instruments Inc. and WSxM v5.0 Develop 5.0 software of Nanotec (Horcas et al., 

2007). AFM images have a resolution very similar to TEM, but without thinning, and so 

artefacts are reduced. Two main types of images can be obtained with AFM: height and 

phase. Height images enable topographical reconstruction of the crystal surface, while phase 

images provide information regarding the variations in material properties. More details 

concerning the properties of each image could be found in Coronado et al. (2013). 

Chemical characterisation 

Electron microprobe analysis was conducted on thin sections, with a JEOL JZA-8900 with 

4 detectors, located at the National Centre of Electron Microscopy (the Universidad 

Complutense of Madrid, Spain). A quantification of some major, minor and trace elements 

(MTE) was made with EMPA in corals, scales and echinoderm plates to check for similarities 

and differences. Eight elements were analysed (Ca2+, Mg2+, Sr2+, S6+, Ba2+, Na+, Mn2+ and 

Fe2+) at each point. Transverse sections were made in the walls of the corallites and scales. 

The points in the sections were separated by 50 μm (with a 5 μm spot size) in the corals and at 

selected points in the scales.  In addition, ten elements (Ca2+, Mg2+, Sr2+, S6+, Ba2+, Na+, Mn2+, 

Fe2+, Al2+ and Si2+) were mapped at the contact points between some of the scales and the 

coral wall. The EMPA mapping enables simultaneous analysis of different elements and the 

generation of distribution maps for each element with 1-μm resolution.  

The cathodoluminescence study was carried out with a cold CL probe 8200 MK 4 system 

made by Cambridge Image Technology Ltd (Cambridge, UK), working at 16 kV and a 



current of 0.5 mA, fitted to a petrographic microscope Nikon Eclipse E400 POL with camera, 

located in the Geological Storage Division, Hidrogeochemical Group, Ciemat (Madrid, 

Spain). CL microscopy has been applied in the past with the aim to provide the preservation 

state of Palaeozoic coral microstructures (e.g. Mas and Rodríguez 1990; Fedorowski 2003; 

Coronado et al., 2013; Coronado et al., 2014a). 

 

Crystallographic characterisation 

For CIP analysis, two ultra-thin sections (transverse and longitudinal) of specimen DPM 

00782 SYR01 were used. The CIP method (computer-integrated-polarisation microscopy) has 

been described by Heilbronner et al. (1993), Heilbronner (2000), and Heilbronner &Barret 

(2014) as a method for texture analysis and optical orientation imaging. It determines the c-

axis orientations of uniaxial minerals from optical micrographs and displays the results in the 

form of pole figures and orientation images, using a colour-code (CLUT), which represents 

each orientation. Studies of structural geology in quartz and calcites (van Daalen et al., 1999; 

Trullenque et al., 2006) have had good results with this method. This method has been 

applied to biomineralisation studies of recent and fossil specimens (Coronado et al., in press 

A), and the results suggest that it can be a powerful tool that can supplement and correlate 

with EBSD data. It also allows us to obtain crystallographic, structural and diagenetic 

information quickly by the use of ultra-thin sections in calcite fossil samples (e.g., tabulate 

corals). One advantage of this technique in biomineralisation studies is the quick processing 

of data at different scales, working easily at 4x to 40x magnifications, covering large areas, 

quickly and with low cost. 

Three CIP analyses were performed with a petrographic Zeiss and a Kodak Wratten nº25 

filter, at 20x and 4x magnifications, to determine the crystallographic correlation between the 



scales and the coral wall microstructure and processes with Image SXM software (Barret, 

1997). 

 

 

Fig. S1 Drawings of Syringoalcyon after Termier and Termier (1975), Fig 1). Reconstruction 

of a whole corallite surrounded by scales. Fig 2a) Transverse section of a corallite. Fig. 2b) 



Longitudinal section of two corallites (note the occurrence of spines growing in the coral 

wall) and the arrangement of the scales in the intercalcinal space.  

 

Fig. S2. A-D) Petrographic images of the insertion area between the longitudinal section of 

coral wall and scales. Specimen DPM 00782 SYR01. Note that, in the insertion areas (white 

arrows), the lamellae are truncated, broken or embedded in the edge of scale C). Note the 

footstep-shaped region in some longitudinal sections of scales B). Note the difference of 

turbid inclusion between the cortex (Cx) and the core (Cr). Dashed white line delimits the 

contact area between two adjacent scales. 



 

Fig. S3 AFM images of scales of sample DPM 00782 SYR01. A-B) Height and phase images 

of the longitudinal section of a scale. Note the nanocrystals that are partially merged and the 

flat region with the nanotexture has been completely obliterated. C) Height image of medium 

magnification where nanofibres co-oriented in the same direction are observed; they clearly 

show that the scales are a biocomposite. D) Three-dimensional AFM image of the nanofibres 

of a scale. The red arrow shows the direction of the c-axis. E-F) AFM images of a echinoderm 



ossicle. E-F) Height and phase images where the nanogranules are totally obliterated and 

some flat regions with rhombohedral dolomite crystals can be observed.   

 

Fig. S4 Scatter diagram representing the variation of length versus width of nanocrystals 

measured in the three elements studied (coral wall, scales and echinoderm plates in sample 

DPM 00782 SYR01). Note the minor dispersion showed by the nanocrystals belong to the 

epibiont versus the nanocrystals from the echinoderm.  



 

Fig. S5 BSE images of the different elements analysed by EMPA. A) Inner microstructure of 

a scale. Note the variation in size between the impurities (dark spots) from the cortex (“Cx”) 

and from the core (“Cr”). B) Coral wall (W) region in contact (yellow dash line) with the 

calcitic cement of the lumen (L). Note the colour variation between the cement of the lumen 

and the coral wall, and internally the lamellae. C) Echinoderm plate microstructure. Yellow 



arrow points to white crystals of celestine and blue arrows point to dark angular crystals of 

dolomite. 

Table S1 Mean chemical compositions of skeletal elements studied by punctual analysis. 

    N   Mean  S.D  Sum  Minimum  Median  Maximum  D.L. (ppm) 

C
o
ra
l 

mol % SrCO3  58  0.17373  0.07706  10.07606  0.02574  0.16171  0.43404  102.78 

mol % MnCO3  58  0.07823  0.12202  4.53749  0  0.03693  0.65912  268.75 

mol % CaCO3  58  95.46825  1.60599  5537.158  88.3583  95.96989  96.83302  97.39 

mol % MgCO3  58  3.97277  1.6038  230.4206  2.20858  3.56222  11.26245  73.5 

mol % FeCO3  58  0.30703  0.48864  17.80751  0  0.14391  2.82031  242.35 

S (ppm)  58  388.485  322.50711  22532.13  0  288.36  1662.075  67.37 

Na (ppm)  58  81.07548  103.64135  4702.378  0  22.251  437.603  81.52 

Ba (ppm)  58  176.3602  344.77544  10228.89  0  0  1666.002  305.29 

Ep
ib
io
n
t 

mol % SrCO3  113  0.19218  0.06762  21.71601  0  0.18273  0.38682  102.78 

mol % MnCO3  113  0.06487  0.11421  7.33052  0  0.0367  0.8751  268.75 

mol % CaCO3  113  95.53737  1.43137  10795.72  90.423  95.94499  97.38671  97.39 

mol % MgCO3  113  3.88709  1.4217  439.2416  1.97683  3.45489  9.13789  73.5 

mol % FeCO3  113  0.31849  0.5335  35.98895  0.01003  0.15589  3.79789  242.35 

S (ppm)  113  453.8764  387.50443  51288.03  0  364.455  2435.04  67.37 

Na (ppm)  113  64.78388  84.46812  7320.579  0  22.251  385.684  81.52 

Ba (ppm)  113  241.9183  312.50289  27336.76  0  62.699  1522.69  305.29 

Ec
h
in
o
d
e
rm

 

mol % SrCO3  88  0.17935  0.06879  15.78258  0.05803  0.17111  0.32513  102.78 

mol % MnCO3  88  0.05714  0.07986  5.02813  0  0.03289  0.5418  268.75 

mol % CaCO3  88  95.72524  1.47437  8423.821  89.28435  96.16275  97.98245  97.39 

mol % MgCO3  88  3.8172  1.48374  335.9133  1.5336  3.48181  10.49506  73.5 

mol % FeCO3  88  0.22108  0.29885  19.45475  0  0.13945  1.77562  242.35 

S (ppm)  88  400.5  413.31893  35244  16.02  304.38  2791.485  67.37 

Na (ppm)  88  70.71435  79.04763  6222.863  0  48.2105  304.097  81.52 

Ba (ppm)  88  228.8106  299.73674  20135.34  0  49.2635  1218.152  305.29 

 

       

 
 
 



Table S2 Mean chemical compositions of HMC skeletal elements studied by punctual 
analysis. 

  N  Mean  S.D  Sum  Minimum  Median  Maximum  D.L. (ppm) 

Ep
ib
io
n
t 

mol % SrCO3  33 0.17284  0.04652 5.70364 0.08425 0.16547  0.27643  102.78

mol % MnCO3  33 0.0483  0.05011 1.59404 0 0.04862  0.22304  268.75

mol % CaCO3  33 93.8795  1.30681 3098.023 90.423 94.01872  95.68416 97.39

mol % MgCO3  33 5.66161  1.37733 186.833 4.01698 5.5056  9.13789  73.5

mol % FeCO3  33 0.23775  0.34011 7.84581 0.01452 0.12377  1.8038  242.35

S (ppm)  33 755.3673  515.0796 24927.12 168.21 576.72  2435.04  67.37

Na (ppm)  33 49.22191  74.83497 1624.323 0 0 252.178  81.52

Ba (ppm)  33 258.6673  267.7731 8536.021 0 259.753  922.571  305.29

Ec
h
in
o
d
e
rm

 

mol % SrCO3  17 0.16173  0.06147 2.74938 0.05912 0.15116  0.30372  102.78

mol % MnCO3  17 0.04098  0.05675 0.69674 0 0.0114  0.18938  268.75

mol % CaCO3  17 93.54475  2.0658 1590.261 89.28435 94.2852  95.74372 97.39

mol % MgCO3  17 6.07315  2.06537 103.2435 4.01317 5.27848  10.49506 73.5

mol % FeCO3  17 0.17939  0.12355 3.0497 0 0.2125  0.46823  242.35

S (ppm)  17 839.4009  725.1319 14269.82 72.09 644.805  2791.485 67.37

Na (ppm)  17 94.23953  99.70848 1602.072 0 66.753  304.097  81.52

Ba (ppm)  17 110.1184  215.8935 1872.013 0 0 689.689  305.29



 

Fig. S6 A-D) Cathodoluminescence and petrographic images of a longitudinal section of 

Syringoalcyon where  the scales growing over a stolon can be observed. Specimen DPM 

00782 SYR01. Note the high luminescence of scales regarding to the coral wall. White arrow 

points to the apex of a scale as benchmark. C-D) Cathodoluminescence and petrographic 

images of an oblique section of Syringoalcyon. Note the null luminescence regarding to the 

insertion areas (yellow arrows). White arrows point to the apex of a scale as benchmark. Blue 



arrows point to the microdolomite crystals. NL = non-luminescent calcite. DL = Dull-

luminescent calcite. L = Luminescent calcite. Mx = Matrix. 

 

Fig. S7 A-D) Cathodoluminescence images of two longitudinal sections of Syringoalcyon. 

Specimen DPM 00782 SYR01. White arrow points to the fringe of a scale as benchmark. 

Yellow arrows point to the luminescent insertion areas. NL = non-luminescent calcite. DL = 

Dull-luminescent calcite. L = Luminescent calcite. Mx = Matrix. Lu = Lumen. 



 

Fig. S8 Specimen DPM 00782 SYR01. CIP images and derived c-axis pole figures of a 

longitudinal section of Syringopora close to the area where the scales are inserted. A-B) 

Ultra-thin section image of the investigated area. A) Large magnification.  B) Yellow frame 

shows the investigated area and its position in relation to the coral wall. C) Orientation image. 



Black regions correspond to the thick regions of contact between crystals and opaque 

impurities and they were considered for the c-axis pole figure calculation. D) Pole figure of 

the entire area calculated as an orientation distribution function, provided in multiples of 

uniform distribution intervals of 0.5 for c axis orientations. Standard colour look-up table 

(CLUT) in the lower region. E) Pole figures of different areas of detailed study superimposed 

on the whole pole figure. Red points correspond to the punctual c-axis orientation of each 

pixel. L-region corresponds to the lamellar zone. A-region corresponds to diagenetic 

alteration and a random distribution can be seen. E1 and E2-regions belong to different 

epibiont scales. 

 

 

 

Fig. S9 Specimen DPM 00782 SYR01. CIP images and the derived c-axis pole figures of the 

transverse section of a scale just in the contact with the coral wall. A) Ultra-thin section image 

of the investigated area. The portion on the right belongs to the coral wall. B) Orientation 

image of the studied area. Black regions belong to regions of thick contact between the 



crystals and opaque impurities and they were not considered for the c-axis pole figure 

calculation. C) Pole figure of the whole area calculated as an orientation distribution function, 

given in multiples of uniform distribution intervals of 0.5 for c-axis orientations. Standard 

colour look-up table (CLUT) in the lower region. Cw shows the main orientation that belongs 

to the coral wall. The right pole figure represents the orientations of the scale superimposed 

on the whole pole figure. The red points correspond to the punctual c-axis orientation of each 

pixel. Note the random orientations of the inner parts of the scale. 
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