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Distinguishing Biologically Controlled Calcareous Biomineralization in Fossil Organisms Using Electron Backscatter Diffraction (EBSD)









	
	ORIGINAL RESEARCH
published: 28 February 2018
doi: 10.3389/feart.2018.00016





[image: image2]

Distinguishing Biologically Controlled Calcareous Biomineralization in Fossil Organisms Using Electron Backscatter Diffraction (EBSD)


Jan-Filip Päßler†, Emilia Jarochowska*, Michel Bestmann and Axel Munnecke


GeoZentrum Nordbayern, Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany

Edited by:
Karim Benzerara, Centre National de la Recherche Scientifique (CNRS), France

Reviewed by:
Daniel Vielzeuf, UMR7325 Centre Interdisciplinaire de Nanoscience de Marseille (CINaM), France
 Jarosław Stolarski, Institute of Paleobiology (PAN), Poland

* Correspondence: Emilia Jarochowska, emilia.jarochowska@fau.de

†Present Address: Jan-Filip Päßler, Department of Palaeontology, University of Vienna, Vienna, Austria

Specialty section: This article was submitted to Biogeoscience, a section of the journal Frontiers in Earth Science

Received: 29 September 2017
 Accepted: 14 February 2018
 Published: 28 February 2018

Citation: Päßler J-F, Jarochowska E, Bestmann M and Munnecke A (2018) Distinguishing Biologically Controlled Calcareous Biomineralization in Fossil Organisms Using Electron Backscatter Diffraction (EBSD). Front. Earth Sci. 6:16. doi: 10.3389/feart.2018.00016



Although carbonate-precipitating cyanobacteria are ubiquitous in aquatic ecosystems today, the criteria used to identify them in the geological record are subjective and rarely testable. Differences in the mode of biomineralization between cyanobacteria and eukaryotes, i.e., biologically induced calcification (BIM) vs. biologically controlled calcification (BCM), result in different crystallographic structures which might be used as a criterion to test cyanobacterial affinities. Cyanobacteria are often used as a “wastebasket taxon,” to which various microfossils are assigned. The lack of a testable criterion for the identification of cyanobacteria may bias their fossil record severely. We employed electron backscatter diffraction (EBSD) to investigate the structure of calcareous skeletons in two microproblematica widespread in Palaeozoic marine ecosystems: Rothpletzella, hypothesized to be a cyanobacterium, and an incertae sedis microorganism Allonema. We used a calcareous trilobite shell as a BCM reference. The mineralized structure of Allonema has a simple single-layered structure of acicular crystals perpendicular to the surface of the organism. The c-axes of these crystals are parallel to the elongation and thereby normal to the surface of the organism. EBSD pole figures and misorientation axes distribution reveal a fiber texture around the c-axis with a small degree of variation (up to 30°), indicating a highly ordered structure. A comparable pattern was found in the trilobite shell. This structure allows excluding biologically induced mineralization as the mechanism of shell formation in Allonema. In Rothpletzella, the c-axes of the microcrystalline sheath show a broader clustering compared to Allonema, but still reveal crystals tending to be perpendicular to the surface of the organism. The misorientation axes of adjacent crystals show an approximately random distribution. Rothpletzella also shares morphological similarities with extant cyanobacteria. We propose that the occurrence of a strong misorientation relationship between adjacent crystals with misorientation axes clustering around the c-axis can be used as a proxy for the degree of control exerted by an organism on its mineralized structures. Therefore, precisely constrained distributions of misorientations (misorientation angle and misorientation axis) may be used to identify BCM in otherwise problematic fossils and can be used to ground-truth the cyanobacterial affinities commonly proposed for problematic extinct organisms.
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INTRODUCTION

Types of Biomineralization

Biomineralization refers to the process of formation of mineral phases carried out by organisms. It can occur in two fundamentally different ways, depending on the degree of biological control over the formation (Lowenstam, 1981; Weiner and Dove, 2003). The first is biologically controlled mineralization (BCM), in which organisms have extensive control over the mineral formation. BCM results in well-ordered mineral structures with minor size variations and species-specific crystal habits (Bazylinski and Frankel, 2003). The second is biologically induced mineralization (BIM), in which organisms have no to minor control over the mineral formation. BIM results in heterogeneous mineral compositions with poor crystallinity, including large size variations, poorly defined crystal morphologies and the inclusion of impurities (Banfield and Hamers, 1997; Frankel and Bazylinski, 2003; Weiner and Dove, 2003). It is most typical but not limited to the extracellular calcareous structures formed by cyanobacteria (Lowenstam, 1986; Obst et al., 2009). Finally, structures indistinguishable from BIM products can be also produced in the absence of organisms and highly organized minerals may form in the presence of organic abiotic substrates (e.g., Gower and Tirrell, 1998; Bosak et al., 2004; Benzerara et al., 2010; Oppenheimer-Shaanan et al., 2016). The range of crystallographic properties of biologically and abiotically induced calcitic structures largely overlap and there is currently no criterion allowing their distinction.

Identification of Calcareous Cyanobacteria in the Fossil Record

In the Phanerozoic, biomineralization is widespread in many clades of protists, plants, and animals (Knoll, 2003), but in the early Earth history cyanobacteria were the first organisms capable of calcification, and this capability presumably had a fundamental impact on the ecosphere (Arp et al., 2001; Riding, 2006). It was not only sufficient for rock formation, but also transformed the global carbon cycle (Van Cappellen, 2003; Altermann et al., 2006). Cyanobacteria and/or chloroplasts, their descendants, are responsible for transferring most of the inorganic carbon that enters the biosphere from the inorganic to organic reservoir (Lochte and Turley, 1988). The oldest known cyanobacteria are reported from Paleoarchean (3.3–3.5 Ga) carbonaceous cherts (Schopf and Packer, 1987). However, the first evidence of calcified cyanobacteria only dates back to 750–700 Ma (Swett and Knoll, 1985). Based on a compilation of fossil reports of cyanobacteria, Riding (2006) proposed that CO2 concentrating mechanisms, essential in cyanobacterial BIM, developed during the Neoproterozoic, and calcified cyanobacteria only became widespread around the early Cambrian (ca. 580 Ma; Riding and Voronova, 1984). Many forms of problematic microfossils are only known from their calcareous shells or sheaths and, based on their morphology, interpreted as cyanobacteria (Flügel, 2004; Vachard and Cózar, 2010). These structures are given Latin names and placed in complex classification systems, but often they are extremely variable morphologically and nearly featureless, resulting in a substantial volatility of their proposed phylogenetic positions (Wray, 1977; Riding and Voronova, 1984; Riding, 2011). Cyanobacteria thus serve commonly as a “wastebasket taxon.” Palaeontologists tend to “dismiss” microfossils as cyanobacteria whenever their morphology and shell structure does not correspond to any well understood group. This approach is likely to result in a failure to discover yet unknown fossil groups. It may distort our understanding of cyanobacterial evolution and its impact on global ecosystems. In the fossil record, calcareous structures are commonly the only remnants of problematic organisms and thus the only sources of potential information on their taxonomic affinities. The identification of consistent criteria distinguishing BCM and BIM/abiotic products would permit distinguishing biomineralizing animals and clarifying the position of a large number of calcareous organisms putatively considered to be cyanobacteria.

Principles of Electron Backscatter Diffraction (EBSD)

EBSD is a high-energy electron-beam technique based on elastic scattering of a focused electron beam on a high polished surface. Penetrating the sample, some electrons are backscattered through the lattice planes of an examined crystal, satisfying the Bragg condition of diffraction. The result is two cones of backscattered electrons with a mirror plane in between which equals one Kikuchi Line. Multiple Kikuchi lines are described as Kikuchi pattern, representing all lattice planes of a crystal with its specific orientation in a 2D projection. These patterns can be automatically indexed by the acquisition software resulting in complete 3D crystal orientations with a high spatial resolution. The crystallographic orientation of each measuring point of a scanned area will be color coded with respect to their Euler angles (mathematic operations which transfer/rotate the crystal coordinate system into the sample coordinate system) and will be presented in so-called orientation maps. For a more detailed description about the method, see Prior et al. (1999). For a discussion of applications to biological specimens, see e.g., Griesshaber et al. (2010) and Cusack (2016).

Aims of the Study

Calcareous microproblematica are widespread in Palaeozoic carbonate deposits, functioning as reef builders, primary producers, and as key components of many carbonate factories. Here we address two common examples of them, Allonema and Rothpletzella (Wood, 1948; Flügel, 2004; Nose et al., 2006; Jarochowska and Munnecke, 2014). It is striking that the affinity and biology of these organisms remain essentially obscure (Wilson and Taylor, 2001; Jarochowska and Munnecke, 2014), excluding them from ecological and macroevolutionary analyses. The aim of this study is to test whether the crystallography of the calcareous mineralized structures of fossil microproblematica can aid in the identification of their mode of biomineralization and, consequently, in constraining their affinity. To this aim, we employ electron backscatter diffraction (EBSD) analysis of the calcareous walls of these organisms.

MATERIALS AND METHODS

Calcareous Microproblematica

Allonema

Allonema (Ulrich and Bassler, 1904; Figures 1A,B), is a microscopic epibiont commonly found in Palaeozoic (Ordovician to Carboniferous) marine carbonates. It is composed of irregularly arranged, branching tubes forming clearly separated vesicles with diameters around 100 μm (Jarochowska and Munnecke, 2014). The wall or mineralized structure of the organism is calcareous, punctate and, with respect to the whole organism, very thin, making up about 15% of the width of the body (Jarochowska et al., 2016). The shape of a single vesicle is hemispheric to lunate (Riding, 1977b). The phylogenetic position of Allonema is controversial and underwent many revisions since it was tentatively established by Ulrich and Bassler (1904), who classified it as a ctenostome bryozoan. Most recent publications regard Allonema as incertae sedis (Jarochowska and Munnecke, 2014; Wilson and Taylor, 2014; Liu et al., 2016).
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FIGURE 1. Fossil calcareous microproblematica. (A) SEM picture of an Allonema colony (arrow) in its 3D aspect (Silurian of Gotland). (B) Thin section of an Allonema colony in its 2D aspect (Ordovician of Canada). (C) SEM picture of Rothpletzella in its 3D aspect (Silurian of Gotland). (D) Thin section of multiple Rothpletzella tubes (Silurian of Gotland).



Rothpletzella

Rothpletzella (Wood, 1948; Figures 1C,D), is a problematic organism commonly found in Palaeozoic (Early Ordovician to Late Devonian) marine carbonates (Wood, 1948). It is composed of irregularly arranged, tube-like threads with diameters between 30 and 35 μm. The tubes are non-septate and appear as a “string of pearls” in oblique sections. Branching dichotomously in one plane is very common (Flügel, 2004). Rothpletzella commonly co-occurs with Allonema (Liu et al., 2016; Zhang et al., 2017). Both are common in Palaeozoic back-reef, fore-reef, as well as open-marine and semi-restricted shelf limestones, where they play an important role in the formation of oncoids and mounds of microbial origin (e.g., Shen and Neuweiler, 2016). As in the case with Allonema, the taxonomical classification of Rothpletzella is unclear. Although a cyanobacterial affinity is proposed by a few authors (Jarochowska and Munnecke, 2014), Rothpletzella is often regarded as incertae sedis (Riding, 1991; Liu et al., 2016).

Sample Information

Three sets of samples from the Silurian of Gotland, Sweden, were used for this study. The first is from the Tofta Formation, Sheinwoodian (mid-Silurian, ca. 430 Ma) located at the abandoned quarry of Nors Stenbrott (λ N 57°51′51.78″, ϕ E 18°41′04.48″). The second set is taken from the Mulde Brick-clay Member of the Homerian (mid-Silurian, ca. 427 Ma) Halla Formation at the locality Blåhäll 1 in the west of Gotland (λ N 57°18′44.65″, ϕ E 18°09′19.79″). The third set is taken from the Eke Formation, Ludlow (late Silurian, ca. 423 Ma) from an outcrop at Lau Backar, South-East of Gotland (approx. 1,250 m ENE from the church at the village of Lau; λ N 57°17′15.25″, ϕ E 18°38′28.78″).

Sample Preparation

All samples were cut parallel to the direction of growth of organisms. Three thin sections and two polished blocks were produced. They were pre-polished mechanically with 9 and 3 μm diamond suspension and subsequently chemically-mechanically polished with SYTON (Köstrosol 3530) for 4 h, and coated with a 3.4–3.8 nm layer of carbon.

EBSD Data Acquisition

EBSD mapping was performed at the GeoZentrum Nordbayern, using a TESCAN Vega II (tungsten filament) SEM equipped with an Oxford Instrument EBSD system including a Nordlys-II S EBSD camera and Channel5 acquisition software. Working conditions were: 30 kV acceleration voltage, beam current between 1.1 and 1.2 nA and 20 mm working distance. The center and sometimes the edges of 6–7 Kikuchi bands were automatically detected using the Hough transform routine with a resolution of 85 (i.e., internal Hough resolution parameter in the software). The solid angle calculated from the patterns was compared with a calcite match unit containing 75 reflectors. All maps were scanned with a 0.3 μm step size. The threshold parameter MAD (mean angular deviation between the detected Kikuchi bands and the simulation) for confident pattern indexing was set to <1.2.

EBSD Data Display and Processing

Interpreting EBSD Data

EBSD data are presented as processed orientation maps, in which each pixel represents one data point. The color of each pixel depends on the superposition of three color channels (red, green and blue) which are assigned to the values of the three Euler angles measured for each point. Non-indexed points were replaced by the most common neighbor orientation. The degree of processing required in order to fill non-indexed data points, without introducing artifacts, was tested carefully by comparison of the resulting orientation map with the pattern quality mapping (Bestmann and Prior, 2003). The criterion for defining a new crystal surrounded by high-angle grain boundaries was based on misorientation axis analysis. Following Maier et al. (2014), the critical misorientation angle was set to 30°. However, for our study, cross-checking revealed that for all analyzed organisms a threshold of 15° separates adjacent orientation domains. These domains are also discriminated by changes in color coding in the orientation maps, even when for some organisms (here represented by Allonema) misorientation axis analysis exhibits pronounced clustering around a specific crystallographic direction (i.e., c-axis) for misorientation angles >30° (see section Allonema). Therefore, high angle boundaries (>15°) are marked with black lines in the orientation maps. Based on the orientation maps, the mineralized structures of the organisms were subdivided into several approximately homogeneous subsets. The crystallographic orientations (c- and a-axis) of these subsets are presented as pole figures (PFs—equal area upper hemisphere plots). In addition, +a and −a axes are discriminated by plotting the data in the upper and lower hemisphere. The colors of data points shown in PFs (sample coordinate system) equal the colors of the orientation maps.

Distribution of Misorientation Axes

Orientation maps constructed from EBSD have an enormous potential in microstructural studies because different models of microstructural development predict particular relationships between adjacent grains (e.g., Gilbert et al., 2008; Coppersmith et al., 2009; Floquet and Vielzeuf, 2011). Analysis of misorientation distributions is a powerful tool to quantify microstructural features (e.g., Prior et al., 2002 and references within). The misorientation between two lattices can be expressed by a rotation axis and rotation angle. By definition the minimum misorientation angle and its corresponding axis from all possible symmetric variants is used (e.g., Wheeler et al., 2001). Misorientation axes of low (2–15°) and high (>15°) misorientation angle boundaries are presented as inverse pole figures (IPFs) with respect to the crystal coordinate system (equal area upper hemisphere plots). The misorientation axes are plotted with a misorientation angle up to 75° since no misorientations of higher angles appeared, whereas the theoretical maximum misorientation angle for the trigonal crystal symmetry of calcite is 104° (Wheeler et al., 2001).

RESULTS

Allonema

Seven EBSD scans containing Allonema vesicles were performed on three samples. These scans comprise oblique to longitudinal sections through vesicles of multiple individuals. The vesicles have various shapes described as hemispheric to lunate. The heights of these vesicles vary between 50 and 170 μm. The lengths range from 100 to 640 μm. The thickness of the walls or mineralized structures of single vesicles is relatively homogeneous throughout one specimen. The thicknesses of the upper vesicle walls (e.g., Figure 2A) vary between 10 and 60 μm and the bottom walls are approximately half as thick as the upper walls.
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FIGURE 2. Examples of the results of EBSD scans on Allonema. (A) EBSD orientation map of an Allonema vesicle shown in cross section (black-white outline); white boxes A1 through A8 mark subsets of the upper vesicle wall shown in (B). LVW—lower vesicle wall. (B) Pole figures (PFs) of the subsets marked in (A) and the entire shell of the vesicle (A comp). (C) Inverse PFs (IPFs) of misorientation axes measured for the entire shell without the large sparite crystals within the vesicle. (D) Misorientation angle distribution of Allonema shell crystals.



Crystals comprised within the upper walls have lengths between 10 and 50 μm and diameters that range from 2 to 5 μm. Crystals forming the bottom walls are much smaller (5–15 μm in length and <1 to 2 μm in diameter). The morphologies of the crystals defining the mineralized structures are described as elongated granular (smaller crystals) to acicular (larger crystals—Figure 2A).

The subsets defined for Allonema reveal a single maximum of c-axes <0001> indicating a strictly parallel orientation around the c-axis of adjacent crystals within each subset. The orientation maximum rotates continuously with respect to the curvature of the vesicle (Figures 2A,B). The PFs of elongated granular and acicular crystals indicate that their c-axes are parallel to the elongation of the crystals, thus they are perpendicular to the surface of the vesicles (Figures 2A,B). The a-axes <11–20> are parallel to the surface of the vesicles for each subset and reveal a girdle distribution indicating a fiber-texture around the c-axis.

The IPF plots of misorientation axes between adjacent crystals (Figure 2C) reveal a broad scattering for low misorientation angles (2–15°). For angles between 15 and 30°, a weak clustering toward the c-axis is recognizable, nevertheless misorientation angles are still scattered broadly. When even higher angle boundaries (30–75°) are considered, a strong clustering around the crystallographic c-axis is evident with a scattering angle up to 25–30°.

Thus, these clusters support the idea of a highly ordered, parallel arrangement of adjacent crystals with a slight error or “wobbling” up to a maximum of 30° around the c-axis. These cluster distributions indicate a smooth transition between the crystals throughout the mineralized structure of a single Allonema vesicle.

The frequency distribution of misorientation angles (Figure 2D) range from 2 to 67° with a steep increase from 2° to the first dominant maximum around 12° and a steep decline from the second dominant maximum around 57° to a minimum at 67°. The relative frequencies between both maxima show a slight decline. The overall distribution can be described as trapezoid-shaped.

The crystals defining the bottom walls are poorly preserved. Thus, they could not be measured consistently. In parts with a good preservation of small acicular crystals, the PFs indicate that the c-axes are perpendicular to the surface of the vesicle. IPFs of misorientation axes indicate rotations around the c-axis similar to the observations of the upper wall structure. However, rotations around the normal to the m-plane and a-axis are common, indicating a lower degree of order of the crystals as described for the upper walls.

Rothpletzella

Four EBSD scans of Rothpletzella vesicles were performed on one sample. These scans comprise cross- and oblique sections through multiple vesicles. The shape of the vesicles is spherical to elliptical. The vesicles have diameters between 45 and 65 μm with a wall thickness between 5 and 10 μm, corresponding to the thickness of the areas R1 through R3 in Figure 3.
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FIGURE 3. Examples of the results of EBSD scans on Rothpletzella. (A) EBSD orientation map of a Rothpletzella vesicle shown in cross section (black-white outline); white boxes mark subsets shown in (B) and span the entire wall thickness. (B) PFs of the subsets marked in (A) and the entire shell (R comp). (C) IPFs of misorientation axes measured for the entire shell without the sparite crystals within. (D) Misorientation angle distribution of Rothpletzella wall-structure.



The wall of individual vesicles is composed of small, granular to elongated crystals. These crystals range from 1 to 10 μm. The crystals defining the walls of Rothpletzella vesicles form a smooth surface all around the vesicles. No crystal penetrates this specific line toward the outside and inside of a vesicle (Figure 3A). The crystal orientations of Rothpletzella walls could be only partly measured, particularly for crystals below 1 μm.

In contrast to the observations made for Allonema, the crystals of Rothpletzella commonly reveal a strong dispersion within the PFs. The c-axes show a scattering along the periphery of the PFs but also dispersion toward the middle of the PFs. The a-axes build up a broad girdle distribution, defining a fiber-texture with strong dispersion around the c-axis. The PFs of elongated crystals indicate that the c-axes are parallel to the elongation, thus they are approximately perpendicular to the surface of the vesicles. The color coding in the orientation map (Figure 3A) reveals a weak parallel arrangement of adjacent crystals.

The IPFs of misorientation axes across the entire spectrum of the presented misorientation angles (2–75°) between adjacent crystals reveal a nearly random distribution (Figure 3C). Thus, the misorientation relationship between adjacent crystals is not defined by a rotation around a specific crystallographic direction.

These observations support the idea of a poorly ordered, weak parallel arrangement of crystals within the mineralized structures of Rothpletzella vesicles.

The frequency distribution of misorientation angles (Figure 3D) range from 2 to 77° with two dominant maxima around 32 and 52°. Between these maxima a strong decline of relative frequencies has its lowest point around 42°. The overall distribution can be described as bimodal asymmetric.

Trilobite

Three EBSD scans of trilobite fragments were performed on two samples. These scans comprise cross sections through segments most likely belonging to a pleural lobe (Figure 4A). Characteristically for trilobite exoskeletons, they show a continuous undulating extinction under crossed polarizers.
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FIGURE 4. Examples of the results of EBSD scans of a trilobite shell. (A) Backscatter image of a trilobite pleural lobe (dotted outline) and the position of the EBSD scan (black box) shown in (B). (B) EBSD orientation map; black boxes mark subsets shown in (C). (C) PFs of the subsets marked in (B) and data from the entire scan (T comp). (D) IPFs of misorientation axes measured for the entire shell fragment. (E) Misorientation angle distribution of trilobite shell crystals.



The size of the crystals within the fragments ranges from 1 to 20 μm. The crystals appear in the orientation map as an interconnection of mainly two orientation domains with an irregular patchy appearance and with lobate grain boundaries (Figure 4B).

The individual c-axis plots of three subsets (T1–T3; Figures 4B,C) show pronounced single maxima which together define a smooth dispersion path (Tcomp; Figure 4C). The a-axis builds a girdle distribution perpendicular to the c-axis maximum. The orientation map (Figure 4B) in combination with misorientation axis plots (Figure 4D) reveal a strong orientation relationship between two adjacent orientation domains (T1: red and blue, T2+T3: blue and brown) with misorientation axes subparallel to the c-axis.

The frequency distribution of misorientation angles (Figure 4E) range from 2 to 67°. The relative frequencies show a more-or-less homogeneous distribution in range from 5 to 42°. A maximum is observed around 52°. The distribution can be described as nearly trapezoid-shaped.

INTERPRETATION AND DISCUSSION

The wall structures of the examined organisms are characterized by the EBSD data, in particular by the (1) crystal size, (2) crystallographic orientation (i.e., c- and a-axis), and (3) the crystallographic relationship between neighboring grains (i.e., misorientation angle and misorientation axis).

No EBSD studies have been performed on microbially-produced carbonates so far. Therefore, examined structures were compared with those of extant organisms of known affinity. Proposed affinities for the examined organisms are tested by comparing with descriptions of crystal shapes, orientations, and arrangements documented in the literature.

Rothpletzella

Rothpletzella shows many similarities with extant filamentous cyanobacteria, e.g., the size and shape of crystals in its calcareous sheath (Riding, 1977a; Merz, 1992; Buczynski and Chafetz, 1993; Kazmierczak and Altermann, 2002; Planavsky et al., 2009). A cyanobacterial affinity was proposed for Rothpletzella by a few authors (Wood, 1948; Wray, 1977; Nose et al., 2006). Yet recently Rothpletzella is regarded as a microproblematicum, since no extant analogs are known (Riding, 1977b, 1991; Liu et al., 2016). The diameters of Rothpletzella tubes (25–40 μm) observed in this study fall into the diameter range described for filamentous cyanobacteria (e.g., Scytonema, Phormidium or Plectonema). Contrary to the light microscopy observations by Wood (1948), who described calcite crystals with “haphazard arrangement” within Rothpletzella walls, EBSD scans reveal crystal orientations with c-axes approximately normal to the surface of Rothpletzella filaments. However, the nearly random distributions of misorientation axes indicate that individual crystals are not ordered with respect to each other.

These observations can be interpreted as the result of a limited control over mineral formation, resulting either from biologically induced mineralization or entirely abiotic precipitation, e.g., in the presence of the decaying remnants of the organism. The former possibility is in agreement with previous interpretations that Rothpletzella might be a colony-forming cyanobacterium. Its morphology and wall structure are similar to those of Plectonema, which in turn is considered as a probable extant analog of Girvanella (Riding, 1977a; Liu et al., 2016).

Allonema

The crystal organization in shells secreted by metazoans such as brachiopods (England et al., 2007; Pérez-Huerta et al., 2007; Schmahl et al., 2012), bivalves (England et al., 2007), gastropods (Pérez-Huerta et al., 2011), or corals (Coronado et al., 2016) is typically more ordered, phylogenetically constrained and less dependent on the environment than in bacteria, reflecting its biologically controlled character. Likewise, the arrangement of crystals within Allonema mineralized structures is very well organized, i.e., characterized by a constrained dispersion of c-axes on a girdle within pole figures. The preferred misorientation relationship across adjacent crystals with a rotation mainly around the c-axis indicates precipitation of parallel crystals with controlled orientation in a highly ordered manner throughout the mineralized structure. A similar crystallographic relationship has been observed in the trilobite shell.

Crystallographic Parameters Potentially Unique to BCM

Even though the mineralized structure of Allonema is highly ordered, no distinct layers or complex crystal morphologies are recognizable. In addition, the c-axes are parallel to the elongation of the crystals unlike, e.g., in molluscs or brachiopods. Thus, the crystal structure described here in Allonema does not match the parameters of a mineralized structure of any organism known to us. However, only a small number of studies addressing predominantly molluscs are available so far and they also show a great variety of structures. It has been previously shown that highly organized, even hierarchical, crystalline structures are present in stromatolites (Benzerara et al., 2010) and can be produced abiotically in the presence of suitable organic matrices (e.g., Gower and Tirrell, 1998; Nindiyasari et al., 2014, 2015; see also a review by Meldrum, 2003). The difference to previous studies lies in that we do not compare crystal orientations as such, but the spread of misorientations (misorientation angle and especially misorientation axis) between them. A strong crystallographic relationship between adjacent crystals with misorientation axes clustering around the c-axis emerges for Allonema. It is a consistent characteristic of biominerals produced via BCM, even though the degree of crystallographic misorientation varies between species and types of structures: from only a few degrees in the prismatic layer of gastropods (Suzuki et al., 2010), the fiber bundles in bivalve nacre (Maier et al., 2014), or structural subunits of sea urchin teeth (Griesshaber et al., 2012) to ca. 40° in brachiopods (e.g., Cusack et al., 2007). The mechanism controlling the range of misorientations is not understood yet. A functional advantage explaining the distribution of misorientations has been proposed with respect to misorientations ordered around the a-axes in octocorals (Floquet and Vielzeuf, 2012; Vielzeuf et al., 2017). Such a distribution would allow the c-axes of individual crystallites to grow perpendicularly to the growth front even on curved and corrugated surfaces. Based on observations of nacre crystals in red abalone, Gilbert et al. (2008) and Coppersmith et al. (2009) proposed that the limitation of misorientations could be explained by a model of crystal growth kinetics which predicts that the growth of oriented crystals would be faster than that of misoriented ones. This is supported by these authors' observation that the degree of ordering increases gradually with the distance from the nacre-prismatic boundary.

In biomimetic calcite crystals grown in gels, Nindiyasari et al. (2014, 2015) identified experimentally growth conditions affecting the distribution of misorientations at several scales of organization, including misorientations between individual crystallites in mesocrystals and misorientations between mesocrystals. The latter is the scale addressed in our study. The spread of misorientations is highly sensitive to the amount of biopolymers acting as a scaffold during nanocrystal formations (Nindiyasari et al., 2014) and to the presence of additional ions in the medium (Nindiyasari et al., 2015). These experiments may elucidate the mechanism driving the distribution of misorientations in vivo, but, similarly as most other published studies so far, cannot be directly compared with our observations, because they do not address the distribution of misorientation axes.

Maier et al. (2014) concluded that biological control over the crystallographic texture is reflected in the frequency distribution of misorientation angles (i.e., log-normal distribution). In contrast, our data reveals an asymmetric bimodal distribution for Rothpletzella and trapezoid-shaped distributions for Allonema and the trilobite fragments, which would imply a less orderly overall structure. This is in agreement with studies on a range of biomineralizing animals, which show various, but always strictly constrained, distributions of misorientations (e.g., Floquet and Vielzeuf, 2011). In view of the proposed mechanisms and the scarce number of studies available so far, it emerges that perhaps more than one type of frequency distributions of misorientation angles can be characteristic for BCM. However, we observed strong relationships between the orientation of misorientation axes plotted as inverse pole figures and the crystal coordinate system. Thus, we propose the ordering of crystals within a mineralized structure, derived from the distribution patterns of misorientation axes, to be of essential importance for interpretations on the mode of biomineralization.

The occurrence of a strong crystallographic misorientation relationship between adjacent crystals holds not only for metazoans, but—as shown recently—also for sponges (Rossi et al., 2016) and coccolithophores (Hoffmann et al., 2014), suggesting that it may be a universal property of BCM products across all eukaryotes. Nonetheless, for many groups outside Mollusca, EBSD characterization of calcareous structures are still missing or are insufficient to evaluate them using the criterion proposed here (e.g., in serpulids, Chan et al., 2015). In particular, we are not aware of studies of foraminiferal tests which would document the distribution of misorientations between adjacent crystals. A foraminiferal affinity has been discussed for Allonema and similar microproblematica (Wood, 1948; Dzik, 1975; Jarochowska and Munnecke, 2014) and it remains to be tested whether this group provides the most fitting model for the crystallographic properties of Allonema mineralized structures.

Limitations of the Study

Our study puts forward a hypothesis on how BCM productsare crystallographically distinct from structures produced via BIM, such as those formed by cyanobacteria, and ordered abiotic calcitic structures. Yet an EBSD study of extant cyanobacterial precipitates is missing so far and our hypothesis remains to be tested.

Inability to Distinguish Between BIM and Abiotically Produced Structures

Secondly, to our knowledge, there is so far no criterion allowing to distinguish BIM occurring in vivo from mineralization induced on decaying biological remnants, which are abundant in marine sediments, and from abiotic organic polymers (e.g., Gower and Tirrell, 1998; Oppenheimer-Shaanan et al., 2016). Calcification in cyanobacteria is not necessarily an in vivo process and may continue after the death of the colony, straddling the boundary with post-mortem cementation and early diagenesis (Bosak and Newman, 2003). Consequently, we cannot be sure that structures observed in lithified samples are associated with the metabolic activity of a cyanobacterium or cements nucleated on its surface. Richter et al. (2008) proposed a criterion according to which BIM would be distinguished from abiotic precipitates by a higher variability (independence) of the crystallographic c-axis with respect to the morphological orientation of the crystal. The authors used this criterion to identify microbially precipitated fibrous calcite-dominated cave deposits, but the findings of clusters of crystals with the same crystallographic orientations within stromatolites (Benzerara et al., 2010) demonstrates that this may not be a universal approach. A wider survey of crystallographic structures of problematic carbonate precipitates is not available yet. In our study, both the putative cyanobacterium Rothpletzella and the non-microbial organism Allonema had c-axes parallel to the elongation of their wall crystals.

Diagenesis

Our study focussed on constraining the mode of (bio)mineralization in problematic fossil structures. This research problem is further complicated by the instability of aragonite, which dissolves during early stages of marine diagenesis (Walter et al., 1993). The voids thus produced are characteristically replaced by early diagenetic cements consisting of equant calcite crystals nucleated on the walls of the voids and often adopting their crystallographic orientations (cements filling the vesicles on Figures 2, 3). More complex diagenetic products emerge in structures composed of a mixture of aragonite and calcite (e.g., Balthasar et al., 2011). Thus, diagenetic recrystallization needs to be taken into account when interpreting EBSD results in fossils. In the case of Allonema, the mineralized structure retains its crystalline character even when it is preserved in calcareous claystones which otherwise lack any cements whatsoever (Jarochowska and Munnecke, 2014; Jarochowska et al., 2016). Abiotic crystallization on an organic substrate can be excluded as in all cases the crystalline structure builds a biological structure with complex morphology and even interactions between individuals (Wilson and Taylor, 2014; Jarochowska et al., 2016). The consistency with which the mineralized structure is preserved across depositional and diagenetic environments suggests that it is produced in vivo and that c-axes parallel to their elongation, visible in fossil specimens, are representative of the original biological structure. With respect to Rothpletzella, its walls are microcrystalline, whereas the cements visible between them (Figure 3), as well as primarily aragonitic components such as gastropods in the same samples, are replaced with coarse equant cement. But more importantly, carbonate precipitates in cyanobacteria and various groups of algae have been shown experimentally to change the dominant polymorph in function of the seawater composition (Ries et al., 2008). Secular changes in seawater chemistry throughout the Phanerozoic periodically favored either calcite or aragonite precipitates (Sandberg, 1983; Hardie, 1996). BIM products have been predicted to follow this trend closely and indeed the occurrence of microbial calcareous products in the fossil record confirm this prediction (Arp et al., 2001). Samples used here were deposited in a “calcite sea” (Sandberg, 1983; Hardie, 1996), therefore Rothpletzella would have to show a substantial control over its biomineralization to counteract kinetically favored calcite precipitation and build an aragonitic skeleton. Altogether, both the type of preservation and the geological context provide important arguments against our specimens being recrystallized. Nonetheless, this question needs to be always considered individually when studying fossil mineralized structures.

CONCLUSIONS

1. Based on a comparison of calcareous mineralized structures of two fossil microproblematica and a fossil metazoan (trilobite), we put forward a hypothesis that the spread of crystallographic misorientations (misorientation angles and misorientation axes) between neighboring grains can serve as a proxy to constrain the degree of control during biomineralization. In particular, constrained and consistent distributions of misorientations can be used to identify biologically controlled biomineralization (BCM). This approach is particularly useful for fossil problematic organisms, which are often attributed to cyanobacteria based on the limited evidence of their simple morphology.

2. EBSD analyses of the fossil microproblematicum Allonema reveal elongated granular and acicular crystals with c-axes parallel to the elongation and perpendicular to the surface of the organism. The misorientation axes between adjacent crystals are (sub-)parallel to the crystallographic c-axis <0001> with a small degree of variation (up to 30°). These observations are interpreted as an orderly and regularly organized crystal arrangement of the mineralized structure, so far described only from eukaryotes. Therefore, Allonema is interpreted to produce its shell via BCM.

3. A cyanobacterial affinity is here rejected for Allonema since a comparable well-developed crystal organization of the extracellular mineralized structures is not known from cyanobacteria so far. Otherwise the affinity of this problematicum could not be further constrained as for many groups of shell-producing organisms EBSD studies are lacking. The lack of known comparable structures and a consistent fossil record of morphologically similar “ascodictyids” suggest that Allonema and potentially other Palaeozoic “pseudobryozoans” might belong to an extinct lineage. It remains to be established whether they were metazoans or belonged to one of the “protest” supergroups.

4. The tube diameter, crystal sizes, and a radial crystal arrangement of the calcareous wall structure of Rothpletzella reveal many similarities to fossil and extant cyanobacteria (e.g., Plectonema). EBSD analysis revealed a weak organization of the crystal arrangements resulting in a nearly random distribution of misorientation axes. This poor crystal ordering is not typical of BCM and supports the previously proposed cyanobacterial affinity of Rothpletzella. However, it was not possible to distinguish whether Rothpletzella is produced via biologically induced biomineralization (in vivo) or via abiotic precipitation on an organic matrix.

5. Problematic organisms are common in the Earth history and often play important roles in fossil ecosystems. In case of simple morphologies, the affinity of these organisms may not be possible to constrain. We propose that the integration of morphological and EBSD analysis may help in the determination of the affinity of problematic microfossils based on the crystallographic parameters of their skeletons.
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