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Abstract

Palaeozoic hypercalcified sponges were ubiquitous Ordovician — Devonian reef
builders but, despite their rich fossil record, their original skeletal mineralogy and
microstructure remain poorly understood. This study provides the first application of
electron backscatter diffraction (EBSD) to analyse skeletal structure of Silurian and
Devonian stromatoporoids. The two Silurian and two Devonian stromatoporoid taxa
selected are typical of stromatoporoids in showing poor preservation. A reference
sample of an exceptionally well-preserved hypercalcified chaetetid sponge from the
Carboniferous Buckhorn Asphalt Quarry (a fossil lagerstatte renowned for its
preservation of skeletal microstructures) contains evidence that its skeleton
comprised distinct bundles of single-crystal fibres, similar to modern hypercalcifying
sponges. Similar bundles of crystal fibres are proposed here as the original
microstructure of stromatoporoids, and acted as precursors to the coarse fibrous
calcitic overprinting recrystallisation that is orientated normal to the growth layers,
seen in all stromatoporoids viewed in cross-polarised light. The studied
stromatoporoids show pronounced microporosity and micro-dolomite inclusions
which are circumstantial evidence of an original composition of high-Mg calcite
(HMC). We propose that the evidence of fibrous structures might be linked to
inclusions of hydrated amorphous calcium carbonate (ACC-H20) in the skeleton at
the time of early diagenesis, as occurs in modern calcified sponges. The possible
HMC skeletal composition of Palaeozoic stromatoporoids supports earlier views that
the mineral composition of hypercalcifying reef builders is linked to Phanerozoic
oscillations in the ratio of Mg:Ca, expressed as aragonite-calcite seas;
stromatoporoids thrived in times of calcite-seas.

(239 words)
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Introduction and aims

Sponges are intriguing for their ability to biomineralize a diverse range of minerals
including aragonite, calcite, amorphous silica, and SiO2-CaCO3z composite materials
(Ehrlich et al. 2010, 2011; Gilis et al. 2011, 2013; Smith et al. 2013). Siliceous
spicules are the most common mineralised structure in sponges and only about 8%
of the ca. 8000 species of extant sponges secrete calcareous structures (Uriz, 2006);
these calcifying sponges are generally restricted to cryptic reef environments (Gilis et
al. 2013 and references therein). Calcareous mineralisation takes two forms: 1)
calcitic spicules, normally considered to be the part of the primary sponge structure;
and 2) massive calcitic or aragonitic basal skeletons that constitute a secondary
structure in hypercalcifying sponges. Although calcareous spicules are a
synapomorphy (present in ancestral forms and inherited by later forms, applicable in
this case to modern forms) of the class Calcarea (Manuel et al. 2004; Voigt et al.
2012), calcified basal skeletons are scattered among both calcareans and
demosponges without any obvious phylogenetic significance (e.g. Voigt et al. 2012;
Morrow & Cardenas, 2015). Fewer than 20 genera of extant sponges are
hypercalcifying (Smith et al. 2013), and none of them contribute significantly to
modern-day reefs.

The present-day paucity of hypercalcified sponges and their minor role in reef
systems is strongly contrasted by geological times when hypercalcified sponges
were major reef builders (stromatoporoids during the Ordovician — Devonian) or reef
components (chaetetids from the Devonian — Cretaceous and stromatoporoids
during the Jurassic-Cretaceous) (Wood 1987; West 2012). However, despite their
abundance in the fossil record, hypercalcified sponge calcification processes and
original mineralogy are poorly understood because of pervasive recrystallisation that
particularly affected stromatoporoids. Resolving this issue has application in two
linked areas: 1) information on skeletal mineralogy will aid understanding of their
biology of calcification; and thus, 2) the role of hypercalcified sponges in the debate
regarding aragonite-calcite seas (Stanley & Hardie 1998). Therefore, the aim of this
study is to advance understanding of skeletal structure and mineralogy of fossil
hypercalcified sponges, using electron backscatter diffraction (EBSD), which, to our
knowledge, has not been previously applied to these fossils. EBSD facilitates
detailed analysis of crystal structure and orientation, not available by other means.
The principal focus here is on Palaeozoic stromatoporoids because of their high-
volume abundance in shallow-marine systems, and their long geological range
(Middle Ordovician to Early Carboniferous, see Kershaw & Sendino 2020). However,
available to the study is a well-preserved hypercalcified sponge chaetetid specimen
from a Carboniferous Lagerstatte, that provides an important reference sample with
which to compare middle Silurian and early Upper Devonian stromatoporoids, that is,
time-periods when stromatoporoids left a rich fossil record. Because of the time-
intensive process of EBSD study, we examine a limited number of specimens as a
preliminary study to assess the viability of application of EBSD to this research area.
We make inferences that may thus form the basis for more extensive study in future
research.

Literature background and relevance of original mineralogy of
stromatoporoids

Stanley and Hardie (1998) set out a case that, throughout the Phanerozoic Eon, the
fluctuation in the Mg:Ca ratio of seawater and its influence on the primary CaCOs3
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mineralogy had an important effect on the waxing and waning of the ecological
importance of hypercalcified sponges. Those authors hypothesised that at times
when Mg:Ca ratios were greater than two, aragonite precipitation was favoured
(‘aragonite seas’), whereas Mg:Ca ratios less than two favoured precipitation of
calcite (‘calcite seas’) (see also Hardie 1996; Eichenseer et al. 2019). Stanley &
Hardie (1998) argued that hypercalcified reef-building organisms are particularly
susceptible to changes in aragonite-calcite sea conditions and that the type of
skeletal mineralogy of dominant reef-builders coincides with either aragonite or
calcite seas accordingly. With respect to sponges, they argued that the ecological
dominance of Palaeozoic stromatoporoids is driven by the extensive calcite sea
conditions that existed from the mid-Cambrian to the Early Carboniferous.

The interpretation of aragonite-calcite seas proposed by Stanley & Hardie
(1998) relies on two key assumptions: (1) that among the multiple drivers of
aragonite-calcite sea conditions, the Mg:Ca ratio is the main factor influencing the
skeletal mineralogy of reef builders, and (2) that the original skeletal composition of
fossil reef builders can be reliably determined. The first point has been challenged
from the recognition by more recent work (Morse et al. 1997; Balthasar et al. 2011;
Balthasar & Cusack 2015) which interprets CaCO3 polymorph formation to have
been driven by a combination of Mg:Ca ratio and temperature with the effect that,
contrary to Stanley & Hardie (1998), warm shallow-water seas probably experienced
aragonite-facilitating conditions throughout the Phanerozoic. However, recent work
that combined Phanerozoic records of temperature and Mg:Ca ratios showed that
even when corrected for the effect of temperature, aragonite-calcite sea conditions
significantly relate to the ecological success of marine calcifiers throughout the
Palaeozoic (Eichenseer et al. 2019).

The second assumption, the unambiguous identification of the original
skeletal composition, is unresolved for Palaeozoic stromatoporoids, the dominant
group of hypercalcified sponges in the fossil record. Although individual
stromatoporoids often formed massive decimetre-sized skeletons that typically show
a characteristic internal architecture of vertical and transverse skeletal elements (Fig.
1), the reconstruction of primary skeletal composition is hampered by consistent
recrystallization in the form of large irregular calcite crystals cutting across this
internal architecture (Kershaw 2013). This type of preservation appears to be unique
to stromatoporoids and presents a challenge to determine the primary skeletal
composition. Although all Palaeozoic stromatoporoids are now calcite, their
recrystallized nature has been interpreted by some authors as reflecting an original
aragonitic skeleton (e.g. Semeniuk 1971; Stearn & Mah 1987; Mallamo & Stearn
1991), supported by increased levels of strontium in a single spicule-bearing
specimen (Da Silva et al. 2014). Other authors, however, have identified abundant
micro-dolomite, which points to an original high-magnesium calcite (HMC)
composition (e.g. Rush & Chafetz 1991; Yoo & Lee 1993). When considering that
extant hypercalcified sponges construct their basal skeletons of aragonite, low-Mg
calcite (LMC), or high-Mg calcite (HMC) (Smith et al. 2013), it is reasonable to
expect that all these skeletal compositions were feasible for sponges at any time in
the past. However, because stromatoporoids exhibit the same preservational style,
described by Kershaw (2013), this is circumstantial evidence that they possessed
the same original skeletal composition.

Reconstructing the original mineral composition of calcareous grains in
limestone is challenging because, over geological time scales, aragonite is replaced
by calcite; HMC either dissolves or loses its Mg content. Traditional means of
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recognising an aragonite precursor of diagenetic calcite rely on elevated levels of
strontium (e.g. Sandberg 1983) and HMC precursors are generally characterised by
associated microdolomite (Dickson 2001a, b). Both these proxies are limited as they
allow detection of the original mineralogy only if diagenesis occurred in a semi-
closed system that retained the freed Mg?* and Sr?*ions. More recently, the
application of electron backscatter diffraction (EBSD) to biomineralised and
geological materials has opened up a new approach to questions of
biomineralisation, palaeontology, and CaCOg3 diagenesis (e.g. Cusack et al. 2008;
Balthasar et al. 2011; Cusack 2016). EBSD provides information on the mineralogy
and crystallographic orientation of individual grains with a potential submicronic
resolution and thus can provide previously unavailable crucial information on the
diagenetic history of rocks. Thus the application of EBSD provided here, to a variety
of Palaeozoic stromatoporoids from various locations and a well-preserved chaetetid
reference sample from the Pennsylvanian Buckhorn Asphalt Quarry (Oklahoma,
USA), may help to explain the unique preservation of stromatoporoids, reconstruct
the primary mineralogy of these sponges, and demonstrate striking similarities in the
biomineralisation of Palaeozoic and modern hypercalcifying sponges.

Materials and Methods

Stromatoporoid samples were carefully selected to examine similarities and
differences using EBSD analysis. One sample of each of two Silurian stromatoporoid
taxa, Petridiostroma simplex (Nestor) and Pachystroma hesslandi (Mori) were
collected from the same limestone and marl facies of the lowermost Wenlock of
Gotland, Sweden, chosen because the Silurian was a time of abundance of
stromatoporoids, and also because the marly facies tend to leave better preserved
specimens. These two taxa have very different skeletal architectures (Fig. 1, d-g)
allowing comparison of different stromatoporoid taxa subjected to the same
environmental and diagenetic conditions (Mori 1969). P. simplex is constructed of
prominent continuous horizontal elements called laminae, separated by
approximately circular vertical pillars, thereby enclosing a system of galleries filled
with cement (Fig. 1 d, e). Galleries are interpreted to have been occupied by soft
tissue in the upper few millimetres of living sponge, but below the living layer,
galleries were empty and later filled with calcium carbonate cement, as in modern
hypercalcified sponges. P. hesslandi is composed of a reticulate network of
micropillars and microlaminae (Fig. 1 f, g), in which distinct laminae and pillars are
not present, so that gallery space comprises small areas within the fine network.
Thus P. hesslandi possesses a much finer structure than P. simplex; however, at
hand specimen scale, growth layering is visible in both taxa (Fig. 1 a, b). Astrorhizae
(canals in the skeleton that carried exhalent tubes of the sponge, Stearn 2015a) are
common in Pachystroma (faintly visible in Fig. 1g) but rare in Petridiostroma, in
which the exhalant tubes most likely lay in the soft-tissue layer above the skeleton,
so did not leave evidence in the skeleton itself.

The two Devonian stromatoporoids are Stictostroma (two samples, Fig. 1h, i)
and Atelodictyon (one sample, Fig. 1j, k), collected from the same locality in reef
facies in middle Frasnian limestones of southern Belgium described by Da Silva et
al. (2011a, b). Stictostroma and Atelodictyon are both constructed of well-defined
laminae and pillars with prominent gallery space. Atelodictyon has blade-like pillars
often joined forming chains (Fig. 1k) contrasting the separate circular pillars of
Stictostroma (Fig. 1i).
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At a finer scale of construction, stromatoporoids also possess microstructural
variations within the laminae and pillars. The microstructure of Petridiostroma,
Pachystroma and Atelodictyon is termed compact in stromatoporoid terminology
(Stearn 2015b), and is micritic, different from Stictostroma which possesses a
cellular microstructure. Unfortunately, because of operational problems, EBSD
images were not obtained from Stictostroma, so its difference in microstructure could
not be investigated. However, BSE and elemental maps of Stictostroma were
assembled and compared with the other specimens.

The chaetetid from the Pennsylvanian (Upper Moscovian) Buckhorn Asphalt
Quarry (Oklahoma, USA; specimen BSPG 2011 X 16 in Seuss et al. [2014]) was
included because of its remarkable preservation. Chaetetid sponge skeletons,
including the sample studied here, are characterised by elongate tubules that appear
as polygonal honeycombs in cross section (Fig. 1, I-n), with walls of 50-100 um thick
and a diameter of up to 500 um (Figs. 2, 3; see West 2012). Because sediments of
the Buckhorn Asphalt Quarry were impregnated by hydrocarbons prior to or at the
time of lithification, there is excellent preservation of calcareous shells, including
aragonite (Seuss et al. 2009). Chaetetids and stromatoporoids were likely both
originally composed of fibrous bundles of calcium carbonate crystals, as explained
later. This chaetetid (Fig. 1, I-m) therefore provides a reference sample to compare
with the stromatoporoids. Chaetetids are composed of a calcium carbonate fibrous
structure that is normally very well preserved, in contrast to the recrystallised
structure of stromatoporoids. A well-preserved stromatoporoid would have been
ideal as a reference sample, but such does not seem to exist in the rock record. The
detailed discussion of stromatoporoid mineralogy and diagenesis by Stearn (2015b)
explores their variation, but recognition of original structures remains uncertain.
Justification for the use of the Buckhorn chaetetid may be found from a series of
papers by Gilis et al. (2011, 2012, 2013) who studied the skeletal microstructure of
the basal skeleton of a diverse set of extant hypercalcifying sponges. They found
that, independent of taxonomy or skeletal structure and mineralogy, almost all
species investigated secrete their skeletons extracellularly and form single-crystal
fibres and crystal bundles composed of up to 100 nm large grains. Thus, a detailed
study using EBSD patterns of the chaetetid microstructure, as the best material
available, to compare with microstructure of stromatoporoids, is a valuable approach
to advance understanding.

The chaetetid specimen was treated initially with the organic solvent
methylene chloride (CH2Cl;) to remove asphalt from the specimen and then
impregnated with araldite resin. Removal of the asphalt was important to avoid
contamination of analytical instruments. The chaetetid and all stromatoporoid
specimens were cut and polished down to 1 micron for backscatter scanning
electron microscope (SEM) documentation. For EBSD analyses a FEI Quanta 200F
field emission SEM equipped with an EDAX TSL Hikari high speed EBSD camera
running Orientation Imaging Microscopy (OIM) software version 5.32 was used.
Samples were highly polished (down to 0.06 um) and coated with approximately 5
nm of carbon, then analysed in high vacuum mode with a beam aperture of 50 pm
and an accelerating voltage of 20 kV. The Kikuchi patterns were indexed using the
American Mineralogist Crystal Structure (AMCS) database to identify the mineralogy
and crystallographic orientation at each point in the EBSD map. EBSD images of two
types are shown in this study: a) grey-scale diffraction intensity maps showing the
intensity of diffraction at each point of the imaged area, an assessment of the image
quality (1Q) of the EBSD data; and b) colour-coded crystal orientation maps (see Fig.
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3e for the colour key for orientation of calcite crystals). Both types are illustrated in
this study, together with some combined maps to compare the diffraction intensity
with crystal orientation, thus aiding understanding of the nature of the skeletal tissue.

The PaleoReefs Database (PARED) was accessed on 20" April 2017. All
Palaeozoic stromatoporoids and entries of chaetetid-grade sponges were treated as
calcitic. The PARED entries were assigned to the 10 million-year time bins of the
Paleobiology Database (see Alroy et al. 2008).

Results

The chaetetid reference has excellent preservation in terms of microstructure and
composition and is therefore presented first. Its fibrous microstructure provides
important evidence for interpretation of the stromatoporoid skeletal structures that
also have evidence of a fibrous nature.

Chaetetid microstructure

The skeletal wall of the sample studied here is speckled with small irregular pores
and has an overall grainy appearance in SEM backscatter images (Fig. 2b). The
centre of the tubules is filled by blocky calcite cements that are often partially
dissolved along cleavage planes (Fig. 2a). In the case of the Buckhorn sample
studied here, the cement infill of the tubules and the skeletal wall is separated by a
distinct gap that can reach tens of microns in thickness (Figs. 2-3); however,
chaetetids normally lack this gap (e.g. Fig. 3a). Elemental maps (Fig. 2) show that
this gap contains concentrations of carbon, which probably represent remaining
traces of the asphalt that permeated the rock. This gap is also enriched in
magnesium and contains many distinct crystals of dolomite that are juxtaposed to
the skeletal wall (see also Fig. 6 in Seuss et al. [2014]) and likely formed before the
asphalt migrated through the rock. Seuss et al. (2014) reported that most other
chaetetid specimens from the same locality also contain earlier calcite cements that
pre-date the asphalt emplacement.

EBSD analysis shows that the chaetetid skeletal wall is composed of distinct
clusters of small calcite crystals that share similar, but not identical crystallographic
orientations within each cluster (Fig. 3c-e). Clusters of crystallographically similar
crystals are around 50-150 microns in dimension and share irregular boundaries.
Individual crystals are blocky to elongate in cross section, 1-5 ym wide, and fan out
with the more blocky cross sections in the narrower parts of the clusters and the
elongate cross sections in the wider parts (Fig. 3).

Stromatoporoid microstructure

All five stromatoporoid specimens investigated exhibit a prominent micro-porosity in
their skeletal walls (Figs. 4-11). Pores vary from submicron to 8 ym in size, are
irregular to elongate in shape and seem randomly distributed (Figs. 4b; 5b; 8a). In
addition to the pores, small inclusions are common that appear dark grey or bright
grey/white in backscatter images (e.g. Fig. 8a). Elemental maps provide evidence
that many of the darker crystals are Mg-rich (e.g. Fig. 8c), probably dolomite.
Although the maijority of dolomite is of submicron size and only evident through
elemental maps, occasional clusters of larger (up to 10 um) dolomite crystals occur
in one specimen (Fig. 4b, d). Elemental maps also show little presence of Fe and Sr
in stromatoporoids (Figs. 4, 6, 8, 9), discussed later.
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EBSD analysis of the stromatoporoid samples shows that the porous skeletal
walls are now composed of blocky calcite crystals that are syntaxially extended into
the adjacent galleries (Figs 5b, 10c, 11). Two of the three stromatoporoids analysed
with EBSD (Pachystroma and Atelodictyon) show that the part of the crystal
representing the skeletal wall contains multiple regions with lattice defects in which
the crystallographic orientation is slightly different from the neighbouring part of the
same crystal (Figs 7c, 10c, 11c). In contrast, those parts of a crystal that extend
beyond the skeletal wall into the gallery lack such defects and show a homogenous
crystallographic orientation (most easily seen in Fig. 10c). The third specimen
(Petridiostroma) analysed with EBSD shows no defects in either portion of the
crystal, but shows clear syntaxial extension of the skeletal walls (Fig. 5b).

Discussion

This study addresses two linked aspects: 1) original microstructure, and original
mineralogy, of the calcified sponge skeletons; and 2) the implications of the sponge
skeletal features in the debate of aragonite-calcite seas. Although linked, these two
aspects are considered separately, for clarity.

As a prelude to the discussion, we briefly discuss the terminology of high-Mg
calcite (HMC). HMC is conventionally defined as calcite containing more than 4
weight% Mg (e.g. Dickson 1991), but ultimately this threshold is arbitrary. The close
association of dolomite with the skeletal walls of our stromatoporoid and chaetetid
specimens leaves little doubt that the Mg contained in this dolomite was sourced
from the skeletal walls. However, the concentration of Mg may not have exceeded
the threshold of 4 weight%. So in this discussion we use the term HMC to indicate
calcite that contained sufficient Mg to produce microdolomite inclusions, and LMC to
indicate calcite that had such a low Mg content that microdolomite was not formed.

Original microstructure

The work of Gilis et al. (2011, 2012, 2013) on modern calcified sponges, noted
earlier, provides an important link between modern and ancient representatives. The
smallest building block of sponge skeletons has been interpreted to comprise
submicronic grains of original amorphous calcium carbonate (ACC) (Gilis et al. 2013)
composition. However, the observed fundamental crystallised unit consists of single
crystals of only a few 100 nanometres width and several microns long, which are
organised into larger bundles that grow from a single point (Gilis et al. 2013). Due to
the fibrous crystal shape, neighbouring crystals fan out, growing away from the origin
of the crystal bundle (Gilis et al. 2011, fig. 4; also our Fig. 12a). Because individual
crystals can be expected to grow along the same crystallographic axes, each bundle
should have a distinct crystallographic identity and sharp boundaries with
neighbouring crystal bundles (Fig. 3c for chaetetid, see also model drawing in Fig.
12a,b). This model can be applied to a variety of extant taxa from both Calcarea and
Demospongea and it is likely to represent a plesiomorphic (i.e. ancestral) character
for skeletal secretion; it is thus used as a working hypothesis for the secretion of the
Palaeozoic chaetetid and stromatoporoids investigated here. The only noticeable
exception to an extracellular assemblage of crystal fibres is the modern demosponge
Astrosclera willeyana, which uses digested bacterial remains to seed aragonite
spherules that grow intracellularly (Jackson et al. 2010; Worheide 1998). However,
the unusual skeletal secretion of A. willeyana is interpreted to have been acquired by
horizontal gene transfer from associated bacteria (Jackson et al. 2011) and is
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unlikely to reflect a shared biomineralisation pathway for a larger taxonomic group of
sponges.

The crystal fan model outlined above is consistent with the microstructure of
the Buckhorn chaetetid (Fig. 3b-e), which shows distinct clusters of crystals with
similar crystallographic orientation and shapes that can easily be visualised as a
horizontal to oblique cross section through a fan of single-crystal fibres. However,
with up to 5 um in size, individual crystals in the chaetetid skeletal walls are much
bigger and more irregular than those from extant sponges (Gilis et al. 2011, 2012,
2013). This difference can be attributed to the transformation from diagenetically
unstable HMC to stable LMC via a micron-scale dissolution-precipitation process
because the altered structure retains a fibrous character interpreted to reflect the
pre-alteration crystal bundles. By comparison, in echinoderms, this process can
preserve micron-scale microstructures while at the same time preserving micro-
porosity and micro-dolomite within the space of the primary skeleton (Dickson
2001a, b). In echinoderms, the best preservation was observed when the stereom
was filled by low magnesium ferroan calcite (Dickson 2004 ), evidence that
entombment within stable low-magnesium calcite protected the less stable HMC of
the echinoderm skeleton from diagenetic pore fluids. We interpret the asphalt
impregnation of the Buckhorn chaetetid has effectively resulted in the same
protection, because the apparent dissolution of calcite cement within the tubules has
not noticeably affected the skeletal walls in the studied specimen.

For the stromatoporoids, their diagenesis resulted in coarse blocky calcite
crystals with lattice defects. The defects are clearly constrained to the skeletal
portion of crystals of those two taxa, whereas crystallographically homogenous
regions occupy non-skeletal areas (i.e. galleries) of the structure. Presence of
subcrystals with varying orientations in the skeletal parts of Pachystroma and
Atelodictyon (Figs. 7, 10 and 11) are thus interpreted as diagenetic fusions and
alteration of multiple individual crystals that originally had similar, but not identical
crystallographic orientations. In diagenetic terms, single crystals with multiple internal
crystallographic alignments are unstable and we interpret that they became
crystallographically homogenous structures over time. However, there are some
differences in the structure of the stromatoporoids. The specimen of Petridiostroma
(Fig. 5) does not show the subtle variations in subcrystal orientations preserved in
Pachystroma and Atelodictyon, for which we consider two possible interpretations: a)
variations in diagenetic history between stromatoporoids; or b) [more likely]
Petridiostroma was constructed differently from the other two taxa and lacked
bundles of small crystals when it grew. Petridiostroma and Pachystroma occur
together, sometimes in the same stromatoporoid specimen, where one overgrew the
other, and were presumably affected by the same diagenetic processes. Although
Stearn (2015b) noted that variation of stromatoporoid microstructure may relate to
different processes of alteration, we consider a more likely scenario is that the
diagenetic pathways were the same, but differing original structure of the
stromatoporoid influenced the diagenetic result. These preliminary interpretations will
require a larger sample of different taxa to investigate using EBSD. In Pachystroma
and Atelodictyon, the shape and size of calcite crystals with domains of
crystallographic misalignments in the stromatoporoid skeletal walls are very similar
to the crystal bundles described for chaetetids above. We therefore view this
similarity as evidence that the same principal biomineralisation sequence applies, i.e.
based on the Gilis et al. (2011) model discussed above (also Fig. 12).
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Original mineralogy

Diagenesis of echinoderm skeletons provides a valuable model for the recognition of
original HMC composition in fossil skeletal material, outlined here for comparison
with stromatoporoids. Experimental studies have shown that when heated up to 300°
C, with and without added water, echinoid plates of HMC composition transform to
calcite + dolomite together with a characteristic micro-porosity (Dickson 2001a).
Importantly, these heating experiments showed that dolomite formation is a
dissolution-precipitation process that depends on the availability of intra-skeletal
water. The irregular distribution of the experimentally produced micropores is thus
controlled by the distribution of water within the skeletal calcite. Molecular water is
found in many calcifying organisms (Gaffey 1988), and in echinoderm skeletal plates
it can make up to 3.38% of their weight (Gaffey 1995). The presence of water within
calcareous skeletons is most likely linked to hydrated amorphous calcium carbonate
(ACC-H20) which in echinoderms forms the initial precursor of HMC (Politi et al.
2004). Although ACC-H20 transforms via ACC to HMC in a matter of hours,
nanometric traces of ACC-H20 can survive within the mature calcite structure,
probably due to stabilisation by proteins (Gong et al. 2012). Following this argument,
the stability of ACC-H20 within skeletal structures should be dependent on the
stability of the relevant proteins. Although intra-skeletal proteins might not be stable
over longer geological time scales (Marin et al. 2014), the preservation of such
proteins in 1500-year old snails (Sarashina et al. 2008) is evidence that the water
associated with skeletal ACC-H20 becomes available in the course of early
diagenesis. A critical point is that because fossil echinoderms from non-
metamorphosed sedimentary rocks exhibit the same pattern of microporosity and
dolomite as produced in experiments on modern echinoderms (Dickson 2001b), it is
reasonable to interpret that the diagenetic pathways described are not dependent on
excessive heating.

From the above discussion, diagenesis of the Buckhorn chaetetid and
stromatoporoids is consistent with the presence of ACC-H2O in their original
mineralised skeleton. A role of ACC in skeletal secretion has so far been
documented for only the calcite spicule formation of the calcarean genus Clathrina
(Aizenberg et al. 1996; Sethmann & Worheide 2008), but has also been interpreted
to play a role in the formation of the basal skeletons of hypercalcifying sponges (Gilis
et al. 2013), although direct evidence is still missing. In summary, the distinct
preservation of the fossil sponges is consistent with a role of ACC-H20 in the
biomineralisation of Palaeozoic stromatoporoids and the Buckhorn chaetetid (Fig.
12).

Because both echinoderms and stromatoporoids retain evidence of primary
structure in their altered states in fossil material, we interpret this comparability as
evidence that crinoids found in the same samples as sponges investigated here
were affected by the same diagenetic conditions. Both the chaetetid sample and
stromatoporoids studied here exhibit the same pattern of microporosity and scattered
distribution of dolomite (Figs. 2, 4, 8, 9), which provides a strong argument for
original skeletal composition of HMC. This strengthens similar previous
interpretations of the original HMC composition of stromatoporoids (e.g. Rush &
Chafetz 1991; Yoo & Lee 1993) and the Buckhorn chaetetid (Seuss et al. 2014),
which were based on the occurrence of dolomite alone. The alternative
interpretations, of original LMC or aragonite skeletal composition, fail to explain all
the observations. An original LMC composition is not consistent with the common
occurrence of microporosity and finely scattered minute dolomite. Thus, the
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interpretation by Stanley & Hardie (1998) that Palaeozoic stromatoporoids were
originally LMC, and that Mg:Ca fluctuations drove the skeletal composition of
dominant reef builders, is at odds with evidence presented in this study and in
papers that propose a HMC composition (e.g. Rush & Chafetz 1991; Yoo & Lee
1993). Furthermore, an original aragonite composition is less likely because the
orthorhombic aragonite structure makes it impossible for trigonal calcite to form
syntaxial overgrowths that grow in crystallographic continuity. We note the very low
levels of Sr in samples studied here (Figs. 4, 8, 9). The slightly raised concentrations
of strontium (400-500 ppm) observed in one Devonian stromatoporoid specimen (Da
Silva et al. 2014) are not a convincing argument for an original aragonite
composition; in comparison with crinoids, concentrations of up to 1700 ppm
strontium have been reported for HMC plates of echinoderms (Dickson 2001a, b).
Finally, despite the argument for an original HMC composition of stromatoporoids,
we note that in Stearn’s (2015b) discussion of stromatoporoid mineralogy, he
reported earlier studies where stromatoporoids did not contain dolomite. Thus, the
link between occurrence of microdolomite inclusions and original HMC mineralogy of
stromatoporoids, remains a hypothesis for which there is strong support but not
proof.

Although this study focussed on only a few specimens, our results are
consistent with the unusual preservation of Palaeozoic stromatoporoids
characterised by coarse calcite crystals oriented normal to, and cutting across,
horizontal galleries and vertical pillars (Kershaw 2013). As argued above, this
preservation is inconsistent with an original aragonite composition. However, not all
Palaeozoic stromatoporoids are preserved in this way. Semeniuk (1971), for
example, described an Ordovician stromatoporoid, Alleynodictyon, which is
preserved as a mouldic secondary calcite infill and thus might have been composed
originally of aragonite. Mallamo and Stearn (1991) also interpreted aragonite for
Ordovician stromatoporoids. Thus the interpretation here that Palaeozoic
stromatoporoids had an original HMC composition may not apply to all of them.

Stromatoporoid mineralogy and the calcite-aragonite seas debate

Here we assess the relationship between stromatoporoid mineralogy and another
aspect of the aragonite-calcite seas debate, that of temperature control on
mineralisation. Because Mg?* ions act as calcite-specific growth inhibitors, an
increasing Mg:Ca ratio favours the precipitation of aragonite in non-biogenic settings
(Morse et al. 2007). Phanerozoic oscillations in the Mg:Ca ratio broadly coincide with
the original mineralogy of non-biogenic CaCO3 precipitates and the composition of
evaporites throughout the Phanerozoic (Sandberg 1983; Hardie 1996) and have thus
been widely regarded as the main drivers of Phanerozoic aragonite-calcite sea
conditions. However, experimental work has shown that whether non-biogenic
CaCOg precipitation results in aragonite or calcite is strongly temperature dependent
(Morse et al. 1997; Balthasar & Cusack 2015). Throughout the Phanerozoic Eon, this
temperature effect on CaCO3 polymorphs should have resulted in a much higher
proportion of non-biogenic aragonite precipitation in shallow tropical seas than
proposed from the traditional focus on the Mg:Ca ratio alone (Balthasar & Cusack
2015). Following Eichenseer et al. (2019), we combined the relationships between
temperature, Mg:Ca ratio and the percentage of aragonite as described by Balthasar
and Cusack (2015), with 5'80-based tropical shallow-water temperature estimates
(Veizer & Prokoph 2015) and the Mg:Ca ratios modelled by Demicco et al. (2005) to
create a measure of ‘aragonite sea intensity’ through time. We thus argue that non-
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biogenic aragonite was likely to have fluctuated substantially throughout the
Palaeozoic (Fig. 13). Particularly through the Ordovician-Devonian period this
fluctuation was mainly driven by temperature as the Mg:Ca ratios remained at or
slightly below 1 (Fig. 13).

Considering that, throughout their mid-Ordovician to Early Carboniferous
stratigraphic range (Kershaw & Sendino 2020), the skeletal composition of
Palaeozoic stromatoporoids is interpreted here to have been mainly HMC, it seems
unlikely that temperature significantly influenced their skeletal mineralogy. In addition
to stromatoporoids, it is useful to assess the skeletal composition of entire
stromatoporoid-dominated reefs. To do this we considered sponge-dominated reefs
in the PaleoReefs Database (PARED) (Fig. 13). The reef mineralogy in PARED is
estimated based on the original mineralogy of the main reef builders of each
individual reef (Kiessling et al. 2008) and thus shows that stromatoporoids were
mainly associated with other calcitic reef builders in sponge-dominated Ordovician —
Devonian reefs. The minor contributions of likely aragonitic organisms in these reefs
are mainly due to fossils such as Tetradium and receptaculitids. Following the late
Devonian mass extinction, sponge-dominated reefs were rare until the Late Permian
but, where they are recorded, they are interpreted as having been dominated by
originally aragonitic reef builders (Fig. 13).

Together, the data discussed above are presented as evidence that, contrary
to the effect of temperature on non-biogenic CaCO3 polymorph formation, the
skeletal composition of Palaeozoic stromatoporoids was not noticeably influenced by
temperature. The Mg:Ca ratio, on the other hand, shows a reasonably good
correlation with the skeletal composition of stromatoporoids and with the mineral
composition of Palaeozoic reefs dominated by hypercalcified sponges. It thus
appears that the skeletal composition of Palaeozoic hypercalcifying sponges is
influenced primarily by the Mg:Ca ratio instead of a combination of Mg:Ca ratio and
temperature.

Finally we consider a caveat regarding the possible impact of biotic effects on
sponge mineralisation separate from changes in global seawater. The above
discussion is based on the notion that the Palaeozoic hypercalcified sponges
precipitated calcium carbonate in equilibrium with contemporary seawater. However,
Gaffey (1991, 1995) working on a range of living calcified organisms not including
sponges, noted that because calcium carbonate skeletons are secreted within soft
tissue, there is a barrier between skeleton formation sites and the external
environment. This barrier breaks down when soft tissue decays and the skeletons
come into contact with seawater, so the potential for very early diagenetic change to
shift skeletal compositions is noted in modern organisms (Gaffey 1991). More recent
work by Germer et al. (2015) and Garate et al. (2017) on non-hypercalcified
sponges, identified bacterial control on precipitation of calcium carbonate spherules.
The possible extent to which biological control of calcification can apply to
Palaeozoic stromatoporoids and chaetetids cannot be assessed in this study, but
may play a part in the reason why some stromatoporoid taxa produce a different
skeletal structure from others (compare Petridiostoma and Pachystroma that occur
together, discussed above). Thus, in conclusion, although we regard the Mg:Ca ratio
was a key control on mineralogy of chaetetids and stromatoporoids, vital effects
cannot be excluded.

Conclusions
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1. A well-preserved Carboniferous chaetetid and examples of Silurian and
Devonian stromatoporoids were examined using electron backscatter
diffraction (EBSD). Observed microstructures are consistent with
stromatoporoid skeletons having been composed originally of bundles of
calcite crystals that were subsequently altered, yet retain remnant evidence of
crystal bundles in the subtle variations of crystal orientations within the altered
structure.

2. Presence of microdolomite within stromatoporoid partially-preserved skeletal
structures is evidence of an original high-Mg calcite composition. These
results are consistent with other interpretations reported in the literature.

3. Stromatoporoids flourished during a time of stable seawater Mg:Ca ratios but
significant temperature variability. The low amounts of aragonite in
stromatoporoid-dominated reefs throughout the Ordovician — Devonian is
interpreted to indicate that the composition of these reefs was not noticeably
impacted by temperature fluctuation but is consistent with an influence of the
Mg:Ca ratio on the skeletal mineralogy of these reef types.
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Fig. 1 Representative hand specimen and thin section (VS: vertical; TS: transverse)
images of stromatoporoid and chaetetid taxa used in this study. a and b Domical
stromatoporoid hand specimens in vertical section, including Petridiostroma simplex
and Pachystroma hesslandi, Upper Visby Formation, Lower Wenlock, Silurian, of
Gotland, Sweden; ¢ Stromatoporoid field views in vertical section, Moulin Liénaux
Formation, middle Frasnian, Upper Devonian of La Boverie Quarry, Belgium; d and e
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Vertical (VS, d) and transverse (TS, e) thin section views of Petridiostroma simplex,
Gotland; f and g VS (f) and TS (g) thin section views of Pachystroma hesslandi,
Gotland; h and i VS (h) and TS (i) thin section views of Sticfostroma, Belgium.; j and
k VS (j) and TS (k) thin section views of Atelodictyon, Belgium; | Chaetetid whole thin
section from the Buckhorn Asphalt Quarry, upper Moscovian Stage, Middle
Pennsylvanian, Oklahoma, USA, after Seuss et al. (2009); m and n VS(m) and TS(n)
enlarged thin section views of chaetetid from Buckhorn Quarry, Oklahoma, after
Seuss et al. (2009). m is sample BSPG 2011 X 20a; n and o are samples BSPG
2011 X 18c stored in Bayerische Staatssamlung fur Palaontologie und Geologie,
Munich
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Fig. 2 Buckhorn chaetetid detailed structure. a BSE-image showing the characteristic
polygonal tubule cross sections filled with partially dissolved cements; b BSE close-
up of a skeletal wall showing the speckled appearance and microporosity; ¢ BSE
image; red box shows the area of EBSD map shown in figure 3; d-e elemental maps
of Ca, Mg, and C of same area of ¢; in each case lighter tones represent higher
concentrations of each element. Note that the stretched appearance of the chaetetid
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817 in c-fis because the sample is tilted to 70 degrees for EBSD scatter image

818  acquisition, although this is an orthogonal TS view. Note this issue affects all the
819 BSE and EBSD images in this paper
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823
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825 Fig. 3 Images of chaetetids. a Transverse ultrathin section in cross-polarised light, of
826  chaetetid from a quarry in the Amoret Member of Altamont Limestone Formation,
827  Pennsylvanian subsystem, near Coffeyville, Labette County, Kansas, showing

828 transverse fibrous crystal structure in the walls. Note variation of extinction in

829  neighbouring crystals reflecting the fibrous structure even though it is partially

830 altered. This sample is provided for comparison with BSE and EBSD images, in the
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absence of similar thin sections of the Buckhorn sample. b BSE image, of the
Buckhorn chaetetid, of the area shown in red box in Fig. 2c, showing clear distinction
between calicle wall and cavity-filling sparite. Prominent major crystal boundaries in
the chaetetid skeletal wall indicate overprinting by recrystallisation of its structure (for
example the sharp change from purple-blue to green-yellow in the centre of the
image). ¢ EBSD diffraction intensity map of same area as b. This shows that
variation of intensity of diffraction from different crystals within the chaetetid wall is
small except in the bottom centre of the image, where the dark shades reflect low
reliability of information of crystal orientation. d combined diffraction intensity and
crystal orientation map showing good quality of orientation information across most
of the image. The same is true for the cement filling the calicles. The chaetetid
skeletal wall shows a sharp boundary with the calicle fill sparite, contrasting the
partly recrystallised thin section view in a, in a different sample from a non-
lagerstatte deposit. Compare this image with stromatoporoid EBSD images
illustrated in Figs 5, 7, 10 and 11; e (left diagram) colour code for crystal axes in the
EBSD map of d; and (right diagram) crystal orientation pole diagram, showing
clustered crystal orientations consistent with a fibrous skeletal structure, discussed in
the text
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Fig. 4 Petridiostroma simplex, Silurian of Gotland, structure and elemental
composition. a Vertical section of hand specimen showing laminae and pillars of a
specimen that grew on top of a heliolitid tabulate after death of the tabulate,
indicated by sediment in corallites. Dark areas between laminae and pillars are
gallery spaces filled with sparite. b Diffraction intensity EBSD image emphasising the
stromatoporoid skeletal structure composed of a speckled fabric overprinted by
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diagenetic cement that passes into the gallery spaces. Two laminae (centre and
bottom), most of one pillar (left) and part of another pillar (right) are illustrated, for
comparison with a. The variation in grey shade between crystals corresponds to the
intensity of diffraction from the sample surface; some crystals show less intensity but
there is no difference in diffraction quality between the skeletal tissue and gallery
cement in any crystal, likely indicating they have the same composition. c-f
Elemental maps of the same area as b; in each case lighter tones represent higher
concentrations of each element. Maps of Ca, Mg, Fe and Sr show there is very little
difference between the skeletal walls and the gallery cements, typical of
stromatoporoids, and discussed in the text. Levels of Sr and Fe are very low
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Fig. 5. Petridiostroma simplex, Gotland, skeletal structure. a BSE image of sample
processed in this study showing faint speckled skeletal structure contrasting the
gallery sparite. b Combined diffraction intensity and crystal orientation EBSD map of
the white rectangle in b (that also represents the area of Fig. 4b), showing colour
variation representing different orientations of calcite crystals passing between

skeleton and gallery sparite. Skeleton of stromatoporoid is clearly distinguishable
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from the sparite cement and shows the relatively sharp edge of the skeletal
structure. Diffraction intensity varies between crystals but not between the skeletal
tissue and gallery cement, likely indicating similar compositions of both. White arrow
in b and ¢ mark the same location in the two images
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Fig. 6. Pachystroma hesslandi, Silurian of Gotland, structure and elemental
composition. a Vertical section of hand specimen used in this study showing
difference between the skeletal architecture of this taxon and that of Petridiostroma
simplex illustrated in Figs. 1, 4 and 5; P. hesslandi lacks an obvious laminae and
pillar arrangement, its skeleton being composed of a finer-structured fabric. b
Diffraction intensity EBSD map reflecting the fine skeletal structure so that skeletal
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component and gallery space are not as easily recognisable in this taxon as in P.
simplex. Little variation in diffraction intensity between crystals is visible indicating
reliable EBSD orientation data. c-f Elemental maps of the same area as b; in each
case lighter tones represent higher concentrations of each element. Maps of Ca, Mg,
Fe and Sr may be compared with those of P. simplex in Fig. 4; in both taxa there is
very little difference in the elemental composition between the skeleton and cements
in stromatoporoids
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Fig. 7. Pachystroma hesslandi, Gotland, skeletal structure. a Repeat of diffraction

intensity EBSD map in Fig. 6b to aid understanding of the areas in Figs. 7b and c. b
BSE image of sample processed in this study showing the speckled skeletal
structure occurs throughout the image in contrast to P. simplex (Fig. 5b). Thus in this
taxon, the skeletal structure and gallery space are poorly distinguishable in b. ¢
EBSD image of the area of the red box in b and the whole area of a. Colour variation
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905 reflects crystal orientation. Note the contrast with P. simplex in Fig. 5, that has a

906 more equant crystal structure, with less vertical elongation of crystals than in P.

907 hesslandi. Note also the subtle colour shade changes within crystals illustrating shifts
908 of crystal axes within the areas of larger crystals, that are interpreted to represent
909 altered crystal bundles, discussed in the text

910

Stictostroma 124
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Fig. 8. Stictostroma, Devonian of Belgium, structure and elemental composition in
two specimens of this taxon; note that this study did not examine Stictostroma in
EBSD. a-e VS views of the same area. a shows BSE image, highlighting margin
between a lamina in the lower two thirds of the photo, and gallery space in the upper
one third; bright dots are inclusions in the skeletal structure. b-e shows elemental
maps. f shows a reflected light image of an area near to a-e, showing the polished
surface used in this study and demonstrates the recrystallised stromatoporoid
structure. g-j VS views of the same area (g shows the margin between a lamina in
the lower one third of the photo, and gallery space in the upper two thirds). h-j are
elemental maps indicated on each image; in each case lighter tones represent
higher concentrations of each element. As in the Silurian samples from Gotland, the
images in this figure demonstrate there is very little variation of key elemental
components in Stictostroma
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Fig. 9. Atelodictyon, Devonian of Belgium, structure and elemental composition in
one specimen of this taxon. a Vertical section showing BSE image with a lamina of
the stromatoporoid skeletal structure in the central one third of the picture, and
gallery space in the lower and upper parts, with prominent calcite sparite. b-f Vertical
section views of elemental maps indicated on each image, of the same area as a,
showing, as in the Silurian samples (Figs. 4 and 6) and the other Devonian sample
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933  (Fig. 8), that there is little difference between key elements of the skeleton and
934  gallery cements
935

936 . : : -
937  Fig. 10. Atelodictyon, Devonian of Belgium, skeletal structure. a Reflected light

938 image from the polished surface of sample used in this study. This image is from a
939 different area from that illustrated in b and c. b Vertical section of BSE of part of the
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area in c, located by the oblique rectangle in c. This image more clearly shows the
speckled appearance of the stromatoporoid skeleton contrasting the clear areas of
gallery cement. ¢ EBSD colour image of same area as a, showing a general vertical
orientation of crystal structure that is typical of stromatoporoids. For the colour key,
see Fig. 3e. Curved lines with arrows highlight the skeleton margin with arrows
pointing into the gallery areas. Note the subtle colour shade changes within crystals
illustrating shifts of crystal axes within the areas of larger crystals, evidence of
altered crystal bundles, discussed in the text. White arrow marks matched points in b
and c

Figj: 11. Atelodictyon, Devonian of Belgium, skeletal structure. a Vertical section
showing EBSD crystallographic orientation map, where the areas of smaller crystals
are stromatoporoid skeleton contrasting the larger areas of gallery cement. For the
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colour key, see Fig. 3e. As in the other images of stromatoporoids illustrated in this
study, a general vertical orientation of crystal structure is visible here. Note the subtle
colour shade changes within crystals illustrating shifts of crystal axes within the
areas of larger crystals, evidence of altered crystal bundles, discussed in the text. b
Vertical section of BSE map of the area of the box in a, white and black/red arrows
mark matched points in the two images. This picture very clearly shows the speckled
appearance of the stromatoporoid skeleton contrasting the clear areas of gallery
cement. ¢ Enlargement of a showing the subtle shading within larger crystals in more
detail, illustrating small variations in sub-crystal orientation (e.g. the two large blue-
purple areas upper centre and upper left)

(3 Skeletal secretion (b) Initial diagenesis: breakdown of ACC stabilizers
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Fig. 12. Proposed diagenetic model of Palaeozoic stromatoporoid skeletons. a Model
of skeletal secretion (based on Gilis et al. 2011) in which amorphous grains
assemble to form fibres or aggregates. The initially ‘mushy’ amorphous grains
crystallise along a propagating crystallisation front. Different colours and dashed
arrows indicate different crystallographic orientations of individual crystal fibres. We
propose that some amorphous grains fail to crystallise and form amorphous
inclusions. b During initial diagenesis the amorphous inclusions disintegrate and
induce localised dissolution resulting in release of Mg?*, Ca®*, and COs? ions that
will re-precipitate as calcite and dolomite in the vicinity. This process leads to the
coarsening of crystal fibres. ¢ At the outer margins of the skeletal walls, syntaxial
overgrowth results in further enlargement of calcite crystals that now extend beyond
the skeleton into the galleries. Crystallographically similar adjacent domains will
retain their crystallographic orientation. d Blocky calcite crystals with micropores,
dolomite inclusions, and a syntaxial overgrowth. This could form either directly from
initial diagenesis as illustrated in b by higher dissolution and the associated growth of
one crystal at the expense of others, or by the transformation of a crystal with
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987 diagenetically less stable domains of different crystallographic orientation (as shown
988 in c) into a crystallographically homogenous single crystal

989
990
991
992
993
994
3.59 - 35

o

B 3

2 25 130 @

o= 39

88 2] SE

ge 1.5 b5 2

1- o

0.5 L 20

2 100, 100 2

[z = S

T 80 : : 180 QO

- : : 60 H

— J 5 - L «Q

ol 40— : 5 - 40 8 3

c : : S o

o 207 ; :% : 20 & 3

% : : ] @

S 0- : 'l 30 0 o doo LO @

Carb. | Dev. |[Sil.
995 250 300 350 400 450

996  Figure 13. Aragonite-Calcite sea conditions and mineral composition of sponge-

997 dominated Palaeozoic reefs. Upper chart shows Mg:Ca ratio (Demicco et al. 2005)

998 and temperature estimate (Veizer & Prokhov 2015) for 21 Palaeozoic time bins.

999  Lower chart shows combined effect of Mg:Ca ratio and temperature on non-biogenic
1000 CaCOs polymorph precipitation (based on Eichenseer et al. 2019); Orange and grey
1001  dots: average mineral composition of 341 sponge-dominated Palaeozoic reefs as
1002  found in the PARED. Orange dots = 5 or more reefs in bin, grey dots = 1-2 reefs in
1003  bin; error bars = 1 standard deviation.
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