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Abstract

Hypercalcified sponges are poriferans with a calcareous skeleton secreted on and in
the soft tissue. Living examples and fossils of some such sponges in Mesozoic and
Cenozoic strata contain sponge spicules and can be classified within modern
poriferan groups of the Classes Demospongiae and Calcarea, which are otherwise
almost entirely soft-bodied. However, other fossil forms, largely Palaeozoic
archaeocyaths, stromatoporoids and chaetetids, lack spicules, so their classification
relies on the calcareous skeleton alone. Because of these discrepancies, although
the hypercalcified skeleton is useful for low-level taxonomy in fossils, it has no
proven phyletic value, so the systematic position of non-spiculate forms is
problematic. Thus the hypercalcified skeleton has for many years been considered a
grade of organisation of the skeleton, and the terms archaeocyath-grade,
stromatoporoid-grade, chaetetid-grade, sphinctozoan-grade and inozoan-grade are
applicable. Nevertheless, archaeocyaths have been separated as a class, by sponge
researchers. Two older classification terms are redundant: sclerosponges (for
hypercalcified sponges in general) and pharetronids (for a subgroup divided into
sphinctozoans and inozoans). Pharetronids are polyphyletic within the
Demospongiae and Calcarea.

Hypercalcified sponges history began with archaeocyaths (Early Cambrian).
Prominence of stromatoporoid-grade in the mid-Palaeozoic, and chaetetid-grade in
the Carboniferous, was followed by a sparse record in both groups for much of the
Permian while sphinctozoan- and inozoan-grades expanded. The Mesozoic has a
good record of sphinctozoans, inozoans, stromatoporoids and chaetetids up to the
end-Cretaceous. Cenozoic forms are uncommon but 19 genera of modern-day
demosponges and calcarean sponges encompass all five grades, versus the total
modern sponge diversity of 680 genera. Hypercalcification is diverse in modern
sponges, involving aragonite, high-Mg & low-Mg calcite; ancient groups reflect this
range in their variation of preservation (including widespread diagenetic alteration)
that makes understanding of hypercalcification mechanisms problematic.

Presence of hypercalcified sponges from Early Cambrian to modern times, with
short breaks associated with extinction events, demonstrate hypercalcification was
an iterative evolutionary feature. This means that, for example, the stromatoporoid-
grade, which appeared in the Early to Mid-Ordovician, continued through history to
the modern representatives, albeit with taxa turnover through time. Stromatoporoids
are traditionally viewed as becoming extinct at the end-Devonian Hangenberg event,
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but because this is a grade, rather than a proven phyletic group, discussion of the
extinction of stromatoporoids as a group has little meaning; it is more appropriate to
consider that certain sponge taxa, possessing stromatoporoid-grade skeletons,
became extinct. Rare stromatoporoid-grade taxa in the Lower Carboniferous support
such a view. Although their polyphyletic nature was recognized for Mesozoic and
Cenozoic forms, the 2015 Treatise on hypercalcified sponges treats stromatoporoids
and archaeocyaths as distinct groups. However, hypercalcified sponges are a
complex of sponge taxa that just happened to hypercalcify, occurring across the
classes of Demosponge and Calcarea. Thus fossil hypercalcified sponges may be
considered as being an integrated system of hypercalcification, alongside the
evolutionary history of the phylum Porifera, to aid understanding of their changes in
time.

Keywords: Hypercalcified sponges, archaeocyaths, stromatoporoids, chaetetids,
sphinctozoans, inozoans, Calathium, pulchrilaminids

1. Introduction and aims

Of the 680 recognised genera of living sponges (van Soest et al., 2012), a small
number (only 19 genera) have an additional component of large-scale mineralisation
of calcium carbonate, that overprints the soft skeleton and spicules (Fig. 1). The
result is fully lithified sponge skeletons previously called coralline sponges because
of their superficial similarity to the calcification of modern corals (Hartman, 1969;
Hartman & Goreau, 1970). This pervasive mineralization led to these sponges to be
called hypercalcified sponges, rather than calcified sponges, by Termier & Termier
(1973), to discriminate them from sponges of the Calcarea class (that have calcite
spicules). Hypercalcified sponges occur in the Demospongiae and Calcarea Classes
of sponges. Hypercalcification comprises aragonite and hi-magnesium calcite
(HMC), and is secreted by the soft tissue, to form a calcified hard skeleton.




Fig. 1 Features of hypercalcified and non-calcified sponges. A) detail in B) Non-calcified bath
sponge composed of a keratose framework. C) Non-calcified sponge with keratose framework and
spicules (arrowed). D) Top view of living hypercalcified sponge Astrosclera willeyana, showing
astrorhizae on surface (arrowed); reproduced under CC-BY-4.0 licence from Global Biodiversity
Information Facility. E) detail in F) Vertical thin section in cross-polarised light of Ceratoporella,
showing spicules (arrowed in F) embedded in hypercalcified skeleton; no keratose framework
preserved. A & C are reproduced from Neuweiler et al. (2022) under CC-BY-4.0 licence.

Despite their rarity in modern assemblages, hypercalcified sponges are
abundant and diverse in the rock record, from early Cambrian times onwards (Fig.
2). They occur as five principal groups (archaeocyaths, stromatoporoids, chaetetids,
sphinctozoans and inozoans) that were originally considered to be phyletically
separate. Apart from archaeocyaths, the other 4 types occur as living taxa, although
archaeocyaths are considered to be similar to one living genus (Vaceletia) (see
Debrenne & Vacelet, 1984). In addition are some other calcified fossils considered to
be sponges that do not fit into those five groups (Fig. 2). The 19 living hypercalcified
sponge genera were placed in a separate class (Sclerospongiae) by Hartman &
Goreau (1970) but the approach to classification changed in the 1980s when sponge
biologists realized that modern hypercalcified sponges may be grouped on the basis
of their spicules into different orders of the Demospongiae and Calcarea (e.g.
Vacelet, 1985). Thus the hypercalcified skeleton was recognized as polyphyletic in
the modern forms (see also Chombard et al 1997). Later research culminated in a
revised Treatise on fossil hypercalcified sponges, wherein those containing spicules
were placed in the appropriate sponge classes and orders based on the taxonomy of
modern sponges (West et al., 2015). However, Palaeozoic hypercalcified sponges
are almost totally devoid of spicules, so classification relies on the different forms of
hypercalcified skeletons. Therefore there is a significant problem regarding their
phyletic relationships because it is not possible to prove whether or not they formed
phyletically distinct groups. Nevertheless, the view of most sponge workers is that
they are polyphyletic because polyphyly is present in their modern counterparts.
However, archaeocyaths are considered to be a separate class of the Porifera
(Debrenne et al., 2002), which is addressed later.
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Fig. 2 Stratigraphy of hypercalcified sponges, including some global palaeoenvironmental
parameters. A) Geological changes in aragonite-calcite deposition according to the Sandberg (1983)
curve; episodes of glaciations (blue boxes); occurrence of extinction events (yellow arrows). B)
Stratigraphy of stromatoporoid-grade sponges, Mesozoic forms compiled from West et al. (2015);
Palaeozoic forms compiled from sources cited in Kershaw & Jeon (2024). C) Stratigraphy of
chaetetid-grade sponges (Ch = chaetetid-dominated reefs. D), E) Stratigraphy of sphinctozoans and
inozoan-grade sponges (Sp/In = reefs dominated by sphinctozoans and inozoans. F) Stratigraphy of
archaeocyath-grade sponges, limited to the Cambrian Series (see also Fig. 3); note the number of
genera is significantly larger than the other sponge grades. G) Other hypercalcified sponge grades.

The literature on hypercalcified sponges and their history is widespread and
complex. It would benefit from a simple overview to show relationships between the
various forms and their history. Therefore the aim of this study is to draw together
the suite of hypercalcified sponges, and provide an integrated account of
Phanerozoic hypercalcified sponges, with implications for their palaeogeographic
distribution.

2. Brief perspective of hypercalcified sponge study

Sponges (Phylum Porifera) are metazoans that lack discrete organs, most of them
being composed of a soft skeleton framework of the collagen protein spongin
producing a simple structure (Fig. 1), yet they have a lifestyle variability and
adaptability that points to them having more complexity (Wulff, 2016). The majority of
sponge soft skeleton frameworks contain embedded mineralised skeletal elements
called spicules, that strengthen the framework. Most sponges have spicules made of
silica, and form the Class Demospongiae, representing 81-85% of living sponges
(Hooper and Van Soest, 2002; Morrow & Cardeas, 2015) (Greek demos = ‘the
common people’, origin of the concept of democracy, so the name demosponges is
partly metaphorical). Spicules of calcite define the Class Calcarea and a third class,
Hexactinellida, informally called glass sponges, comprise a network of silica
spicules, but lack a spongin soft skeleton. A fourth group, the Homoscleromorpha, is
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recognized as a Class (Gazave et al., 2012), but has a very poor fossil record
(Botting and Muir, 2018). Furthermore, although these classes are traditionally
recognised as the major divisions of sponges, molecular work in recent years has
raised questions as to the validity of the classification and work continues to develop
these ideas (Botting and Muir, 2018).

Hypercalcified sponges (abbreviated to HSs in appropriate places through this
text) were recognised as sponges in a landmark study by Hartman and Goreau
(1970), but as mentioned above, the name ‘hypercalcified sponges’ was coined by
Termier and Termier (1973) to distinguish them from the Class Calcarea. Of
considerable interest is that HSs live in deeper water than the dominant corals in
reefs, down to a few hundred metres (Vacelet et al., 2015, p11), contrasting soft
sponges in reefs that live from near-surface waters down through mesophotic depths
to 150 m (Lesser & Slattery, 2018), although some non-hypercalcified sponges can
live in depths greater than 1000 m (Downey et al., 2018).

Vacelet et al. (2015, p. 5) noted that in nearly all cases, the hypercalcified
skeleton does not develop on the spicules. In many hypercalcified sponges, the
hypercalcified skeleton is formed largely below the soft tissue that forms a layer on
the skeleton and is hence termed ‘basal skeleton’ (Vacelet et al., 2015). However, in
at least one case (Astrosclera willeyana) the mineralisation is intracellular (Wood,
1991). Stearn (2015a, p561) summarized hypercalcification to occur in three places:
basal pinacoderm (forming the basal skeleton), intracellular and within collagenous
soft tissues, so although the term basal skeleton is commonly used, it is not
applicable to all these sponges.

The calcareous skeleton of HSs is preserved, in contrast to the soft skeleton
(found largely in lagerstatten, e.g. the Chengjiang biota, Luo et al., 2019) and
spicules may or may not be present, so that the fossil record of sponge bodies
overall is taphonomically biased in favour of hypercalcified sponge skeletons. Thus
although hypercalcified sponges dominated shallow-marine reef systems in, for
example the middle Palaeozoic, the importance of non-calcifying sponges as
contributors to fossil reefs and communities is poorly known. Nevertheless, the
abundance and diversity of fossil HSs underlines the ecological difference between
many ancient sponge-dominated reefs and modern coral-dominated reefs; the latter
are typified by the photoresponsive character of modern coral ecology, in contrast to
the unknown photoresponse in ancient reef HSs.

Because hypercalcified sponges became viewed as polyphyletic, and the names
of the various groups were no longer of phyletic value, the term ‘grades’ was applied
to the different forms. For example, modern stromatoporoid-grade genus Astrosclera
and chaetetid-grade genus Acanthochaetetes are both members of the Class
Demospongiae (Vacelet, 1985). Fossil HSs are abundant in shallow marine
carbonate systems, with different grades being prominent at different times during
the Phanerozoic Eon (Fig. 2); at present HSs have a minor position in modern seas.

3. Hypercalcified sponge form-groups and their history.

3.1.Archaeocyath grade

Archaeocyaths are cup-shaped sponges with a form reminiscent of solitary corals,
and occur in the early Cambrian (Greek Arkhaios = to begin [= ancient]; kyathos =
tall, round, tapering vase; kyatheion = little cup). Debrenne and Vacelet (1984)
provided a key study supporting inclusion of archaeocyaths as sponges, and
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Debrenne et al. (2002) formally placed archaeocyaths as a class of sponges, Class
Archaeocyatha. Similarity between archaeocyath structure and the modern
sphinctozoan hypercalcified sponge Vaceletia provides a link between
archaeocyaths and modern hypercalcified sponges (Debrenne and Vacelet, 1984;
see also overview by Webby, 2015a, p. xix).
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Fig. 3 Details of stratigraphy of archaeocyath-grade sponges, indicating they are almost completely
restricted to lower-middle Cambrian strata.

Figures 2 and 3 show the narrow stratigraphic range of archaeocyaths but also
emphase their extraordinary diversity of 305 genera (Debrenne et al., 2015),
contrasting the next most-abundant group, the stromatoproids, which have 127
formalised genera in the Middle Ordovician to Lower Carboniferous. Thus
archaeocyaths are highly diverse in structure (Fig. 4). Archaeocyaths have wide
distribution in low-latitude reefs (Pruss et al., 2024).



reproduced from Debrenne et al. (2015, Fig. 491) under CC-BY-4.0 licence; the meaning of
archaeocyath as “ancient cup” is apparent (“ancient cups”; cyathe is French, derived from Greek
kyatheion = little cup). B) Vertical section of archaeocyath Metacyathellus Lepidus, reproduced from
Tang et al. (2019, Fig. 6g, under CC-BY-4.0 licence), Xianniidong Fm, Cambrian Series 2, Sichuan,
China. C) Transverse section of unidentified archaeocyath. Sample from Jindingshan Fm, Cambrian
Series 2, Guizhou, China. D) Transverse thin section of unidentified archaeocyath, showing micritic
granular structure typical of archaeocyaths. Xiannidong Fm, Cambrian Series 2, Sichuan, China.
Sample provided by Hao Tang (Chengdu).

Using the descriptions of archaeocyath genera in Debrenne et al. (2015),
Fig. 3 shows that archaeocyaths first appeared Stage 2 of the early Cambrian,
indicating early development of hypercalcification in the fossil record of sponges,
although reasons why some sponges became hypercalcified is not clear, see Wood
(1991) for discussion. Then, archaeocyaths underwent a remarkable expansion in
the lower half of Cambrian Series 2, Stage 3, culminating in a peak of 191 genera
during the upper part of Stage 3, equivalent to the earlier-used Botoman Stage.
However, after that they declined rapidly in the lower part of Stage 4, and by the top
of Stage 4, they had almost completely disappeared from the record. Pruss et al.
(2024) showed the continuation of some archaeocyaths in the later part of Stage 4,
but only one genus, Archaeocyathus, was found. After a gap of about 12 million
years, the only subsequent occurrences are in the Guzhangian and Pabian Stages
of the upper Cambrian (Fig. 3). However, Lee (2022) reinterpreted the youngest
occurrence, Antarcticocyathus, as an anathaspellid lithistid sponge, which raises the
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possibility that not all archaeocyaths are necessarily grouped in the Class
Archaeocyatha. Nevertheless, the lower occurrence of these two latest genera, in
the Guzhangian Stage continues to be considered an archaeocyath, but not present
in reefs (Pruss et al. 2024), and Lee’s (2022) reinterpretation as a lithistid allows for
some lithistid demosponges to be included as hypercalcified forms. Thus while there
is general agreement that archaeocyath-grade sponges died out in the later part of
the early Cambrian, there seems to be evidence of their continuation into the late
Cambrian. Pruss et al. (2024) refer to archaeocyaths as the first reef-building clade,
and to Archaeocyathus as a “dead clade walking” (a fossil or small group of fossils,
that survived an event of major decline, but never recovered and eventually died out;
see Barnes et al., 2021 for discussion). However, noting that archaeocyaths are a
hypercalcified sponge grade, then the concept of clade may or may not be
appropriate, depending on whether or not archaeocyaths may be proved to be a
single phyletic group.

Finally, Luo et al. (2021) offered the view that vauxiid sponges of the later
Cambrian evolved from archaeocyaths, based on similarities between their
architectures. Luo et al. (2021) proposed the possibility that archaeocyaths lost their
ability to calcify in the late part of early Cambrian time, but survived as sponges and
led to evolution of vauxiids. Their proposal is both innovative and controversial for
the historical development of hypercalcification, because: a) it raises questions about
how loss of hypercalcification occurs; there may alternatively have been extinction of
sponge taxa that just happened to be hypercalcifiers, a suggestion raised by
Kershaw and Jeon (2024); and b) it highlights the point that hypercalcified sponges
are sponge genera with an ability to form easily-preservable skeletons and thus
draws attention to taphonomic bias in the sponge record, potentially revealing that
the preserved record of hypercalcified sponges gives us a skewed view of the overall
history of Porifera in the rock record.

After the loss of archaeocyath reefs in the late middle Cambrian, reefs are
populated by lithistid sponges for the rest of the Cambrian, then in early Ordovician,
reefs contain lithistids, calathids and pulchriliaminids, before appearance of
stromatoporoid major reef-building in the Middle Ordovician (Lee & Riding (2018).

3.2. Stromatoporoid grade

Stromatoporoid-grade hypercalcified sponges are characterised by a layered growth
form with internal voids called galleries (Greek stroma = mattress/bed; poros refers
to the voids), see Fig. 5. Stromatoporoid forms developed from the Early Ordovician
(Jeon et al., 2019), then in Middle Ordovocian became significant reef builders. The
stromatoporoid grade shows change of architecture between Ordovician, Silurian
and Devonian time, leading to a progression of forms defined as genera that can be
easily appreciated in a stratigraphic table of genera showing events of loss and
appearance of genera (see Kershaw and Jeon, 2024, Fig. 8, not repeated here).
Kershaw et al. (2021a) and Kershaw & Jeon (2024) reflected on the application of
Order and Family groupings of stromatoporoids. Because of the lack of spicules,
they cannot be grouped according to modern sponge taxonomic principals, so the
possibility is open that the current Order groups are entirely artificial and not
necessarily related to phyletic groups. Nevertheless, the lowest level of taxon
available, traditionally called species in stromatoporoid literature, is a reasonable
indication of taxonomic separation.
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showing layered porous structure typical of stromatoporoids. B) Vertical thin section view of E.



impexa, showing combination of vertical and transverse elements enclosing gallery space in the
structure; this characteristic derives the term stromatoporoid (layers and holes). C) Transverse thin
section view of E. impexa, showing prominent astrorhizal canals in this taxon, interpreted to indicate
the excurrent canal system of the sponge. D) Thin section of Actinostroma showing vertical section
(VS) view in the lower part and transverse section (TS) view in the upper part, caused by curvature of
the specimen in relation to the thin section orientation. Prominent pillars are visible in the TS area,
characteristic of this taxon. Note the tubes of a spiral intergrown organism centre and bottom. Middle
Devonian, south Devon, UK. E) VS view of Petridiostroma convictum with a combination of
syringoporid tabulate and branching rugose corals as intergrowths within the stromatoporoid. Upper
Ludlow, Gotland, Sweden. F) VS of a labechiid stromatoporoid, showing prominent long pillars and
curved cyst plates characteristic of this taxon. Famennian (U. Devonian), Sichuan, China; sample
provided by Yue Li, Nanjing.

Stromatoporoids are typified by their layered structure, subject to common
growth interruptions (Fig. 5). Many taxa show, in transverse sections, radiating canal
systems, astrorhizae (Fig. 5C), interpreted as locations of exhalant water drainage
from the sponge (Stearn, 1975) wherein the drainage tubes were partially embedded
in the skeleton. Taxa lacking astrorhizae are presumed to have borne the exhalant
drainage in tubes on the skeleton surface (Fig. 5D). Many stromatoporoids have
intergrown organisms, with spiral tubes common (Fig. 5D), and some taxa contain
symbiotic syringoporids and rugose corals (Fig. 5E), interpreted by Kershaw (2024)
to have potential biological relationships with the host stromatoporoid. Ordovician
stromatoporoid assemblages contain abundant taxa of skeletons composed primarily
of horizontally-orientated cyst plates, and commonly prominent thick pillars; these
are grouped as the Order Labechida. Labechiid stromatoporoids are well known to
have declined in the Late Ordovician extinction, and are rare through Silurian and the
Devonian strata up to the end of the Frasnian, but resurged after the Frasnian-
Famennian extinction, as shown in Fig. 5F). Stromatoporoids are rarely reported
from the Carboniferous (Kyklopora, Nestor, 2015; Parallelopora mira, Newell, 1935
[renamed as Spongionewellia, Ozkidmen, 2009]). In the case of Spongionewellia,
Newell's (1935) illustrations show that in vertical section it looks like a
stromatoporoid, but in transverse section it looks like a chaetetid (Fig. 6),
emphasizing the overlapping nature of hypercalcified sponge grades, discussed by
Wood (1990). However, the confirmed Lower Carboniferous stromatoporoids
(Kershaw and Sendino, 2021; Ezaki et al., 2024) have labechiid architecture,
providing a possibility that such structures were more resilient to environmental
change.

10
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Fig. 6 Spongonewellia mira Ozkidmen, 2009, originally identified as Parallelopora mira by Newell
(1935). Images reproduced from Newell (1935, Plate 34) with permission from SEPM. A) Side view of
eroded sample showing layered structure, and architecture with prominent vertical structure. B)
Vertical thin section showing a structure comparable to stromatoporoid-grade. C) Vertical thin section
showing variations in skeleton, with growth interruption events. D) Transverse thin section showing
architecture comparable to chaetetid-grade. E, F) Enlarged vertical section (E) and transverse section
(F) showing details of hypercalcified structure, plus presence of spicules as elongate clear objects
(yellow arrows).

Stromatoporoids were subject to diagenetic alteration, in all cases described
(Fig. 7), which creates a problem for understanding their primary mineralogy. In most
cases the alteration comprises irregular calcite crystals that cut across both the
skeletal carbonate and the internal voids (galleries), forming a fabric-retentive
irregular calcite (FRIC) overprint (Fig. 7C-F). It is repeatedly stated in literature that
stromatoporoids are better preserved than most molluscs (presumed to have original
aragonite shells), but less well-preserved than brachiopods (presumed to have low
magnesium calcite shells), see Kershaw et al. (2021b) for a review; the presence of
microdolomite in some cases implies that stromatoporoids had a high magnesium
calcite mineralogy, but the relationship is inconsistent and so currently there is no
clear demonstration of their original mineralogy. In some cases cathode
luminescence seems to reveal an original, or near original structure (Fig. 7G, H) but
further work is needed to advance this idea.

11



Fig. 7 Textures in stromatoporoids, showing their porous layered structure from which their name is
derived. A) — C) Vertical section of stromatoporoid taxon Syringostromella, showing in A: layered
nature of stromatoporoid-grade architecture; in B: plane-polarised light (PPL) view of vertical and
tangential elements; in C: cross-polarised light view (same area as B) of overprinting fabric-retentive
irregular calcite diagenetic alteration (C). B) — F) Transverse section of same sample of
Syringostromella as in A-C, showing the same features in transverse section. A-F is from the Upper
Visby Formation, lower Wenlock, Ygne site, Gotland. G), H) The same area of vertical section of

12



373
374
375
376

377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

Simplexodictyon, showing diagenetic overprint on the skeleton in PPL (G), butH is a
cathodoluminescence image that reveals cement zoning in the galleries, that grew on a structure
which may be the original or near-original fabric of the stromatoporoid hypercalcified skeleton. From a
biostrome in the Hemse Group, middle Ludlow, upper Silurian, Kuppen 3 site, Gotland.

Stromatoporoids commonly display vertically-orientated upward-growing
columnar outgrowths whereby the skeletal structure simply grew up into columns
(thus negative geotropic growth), maintaining the skeletal architecture (not illustrated
here, see Kershaw et al., 2018, Fig. 12). Although most stromatoporoids grew on
horizontal bed surfaces, some grew on sloping surfaces and some of those contain
negative geotropic columns, which in all cases are vertically orientated, thus normal
to bedding (see Kershaw, 2013, Fig. 14). Kershaw (2013) proposed such columns to
be circumstantial evidence of a photoresponse in stromatoporoids. Recently Jung et
al. (2024) reported nitrogen isotopes in Middle Devonian corals, evidence for
photosymbiosis in Palaeozoic corals. Furthermore Jonathan Jung [pers.comm. 2nd
November 2024] and colleagues in Mainz, Germany have unpublished work in
progress that demonstrates nitrogen isotopes in Devonian stromatoporoids,
evidence for photoresponse, consistent with circumstantial evidence found in growth
forms of some stromatoporoids (Kershaw, 2013, 2022). This is an exciting
development in stromatoporoid work that may significantly change our view of the
biology of these fossil sponges.

3.3.Chaetetid grade

Chaetetids are known from early Silurian to modern times, with almost continuous
presence in the rock record through their overall history (Fig. 2). However, the
chaetetid structure is somewhat conservative, with few structures upon which to
determine taxa. Chaetetid-grade derives its name from Greek chaete = “flowing hair”
because of the structure of masses of long contiguous tubes, called calicles, that in
some specimens are reminiscent of human hair (Fig. 8A, E). Palaeozoic chaetetids
rarely contain spicules, but some Mesozoic taxa are spiculate (Fig. 8F, G). Some
cases of Carboniferous chaetetids have astrorhizae (West & Clark, 1984),
emphasizing their sponge nature. Although Fig. 2 shows that chaetetids have low
diversity of skeletal structure in the Palaeozoic, Carboniferous cases developed
substantial reefs. The conservative nature of the chaetetid skeleton, with few
characters for taxonomic determination, may hide a problem of a more diverse
biology within similar skeletons, that may not be distinguishable in fossils. This raises
the possibility that Carboniferous chaetetid reefs contained more than one taxon of
chaetetid-grade sponge, an issue that will be difficult to resolve.
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Fig. 8 Chaetetid-grade architecture, showing the calicle arrangements reminiscent of flowing hair,
from which chaetetids get their name, based on Greek chaite = flowing hair. A), B) Chaetetes hand
specimens showing vertical (VS, A) and transverse (TS, B) sections of calicles in a columnar form.
Laberdie Limestone Member, Pawnee Formation, Pennsylvanian, Fort Scott, Bourbon County,
Kansas. C) VS of Chaetetes showing repeated growth interruption events. Amoret Limestone
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Member, Altamont Formation, Pennsylvanian, Labette County, Kansas. D) enlargement of C, showing
calicles with tabulae in both VS and TS, due to curvature of the growth form. E) VS of acetate peel
stained with Alizarin Red S and potassium ferricyanide combined stain, demonstrating the variation of
preservation as both ferroan and non-ferroan calcite; Homer School Limestone Member, Holdenville
Formation, Pennsylvanian, Oklahoma. F) VS of Blastochaetetes, Jurassic of Portugal. G) Enlargment
of F showing spicules (yellow arrows) embedded in the hypercalcified skeleton. F, G: Basal Cabagos
Formation, middle Oxfordian, at Cabo Mondego, Lusitanian Basin, central Portugal (Azerédo et al.,
2002); sample provided by Simon Schneider.

Palaeozoic chaetetids have well-preserved skeletal structure, with chevron
arrangements of wall elements and tabulae (Fig. 9A,B). However, poor preservation
occurs in some cases, particularly seen in Mesozoic forms (Fig. 9C-F), with
overprinting of the skeleton by alteration that partially retains the original structure.
This arrangement is therefore a form of fabric-retentive irregular calcite (FRIC)
recrystallisation reported by Kershaw et al. (2021) as being unique to
stromatoporoids. Thus, the presence of a recrystallized fabric in chaetetids indicates
that alteration may occur in both these hypercalcified sponge groups.
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Fi. Textures in caeetids. A), ) rospolarised light views of vel;y thin sections i VS () and
TS (B) of Pennsylvanian Chaetetes from Kansas, showing well-preserved calicle walls with chevron
structure (yellow arrows) typical of chaetetids, and tabula (red arrow). C), D) VS views of

Blastochaetetes showing plane-polarised light (C) and corresponding cross-polarised light (D) views,
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demonstrating overprinting of the hypercalcified skeleton by diagenetic calcite alteration, contrasting
the well-preserved structure in A) and B). E), F) Enlarged view of VS of Blastochaetetes showing the
chaetetid skeleton is substantially recrystallized; C-F from Jurassic of Portugal.

3.4.Sphinctozoan and inozoan grades

These are considered together here because of their common co-occurrence.
Sphinctozoans may be the oldest hypercalcified sponges (Fig. 2), noting that
archaeocyaths are considered to have similarity of architecture to the modern
sphinctozoan genus Vaceletia. Sphinctozoans have a chambered structure (Fig. 10)
with its hypercalcified skeleton on the outside of the chambers, so the soft tissue lies
within the chambers. Sphinctozoan name derives from Greek Sphingein = constrict;
zoon = animal, and sphinctozoans are one of the types of sponges previously called
Pharetronids (a name derived from their commonly fibrous structure, Greek pharetra
refers to quiver, a cylindrical container for arrows). Pharetronids are polyphyletic
within the Demospongiae and Calcarea (llan & Vacelet, 1993). Sphinctozoans are
also called thalamids (Greek thalamus = a chamber).

The earliest records of sphinctozoan sponges date back to the Cambrian
(Senowbari-Daryan and Garcia-Bellido, 2002). Their first major radiation occurred in
the Ordovician, with 15 genera emerging (Fig. 2), marking a critical stage in the early
evolution of chambered sponges (Senowbari-Daryan and Rigby, 2011). During the
Late Ordovician, sphinctozoans underwent further radiation and geographic
expansion, extending their ecological niche from level-bottom to reef environments
(Fig. 10) (Li et al., 2015a, 2023; Carrera and Rigby, 2004). They became significant
reef builders and common cryptobionts during the mid-late Permian and mid-late
Triassic (Wood, 1991; Senowbari-Daryan, 2005). Sphinctozoans were strongly
affected by the end-Permian and end-Triassic mass extinctions, when their key role
in Late Permian reefs was terminated because of the extinction.

Work by Reitner (1990) and Vacelet (1985) indicates that the sphinctozoan grade
is polyphyletic, and may have evolved in both the Classes Demospongiae and
Calcarea. Problematically, fossil sphinctozoans rarely contain spicules, and some
spicule-bearing forms are suspected to have spicules imported into the skeleton after
death (Senowbari-Daryan and Rigby, 2015, p.336), presumably by currents, so that
determining the taxonomic position of the various genera cannot be reliably
confirmed.
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Fig. 10 Sphinctozoan-grade architecture. A) vertical section of polished block of reef limestone with 3
sphinctozoan individuals (arrowed), comprising chambers with walls, restricting soft tissues, giving the
name (from Latin and Greek origins meaning restriction) Greek sphingein = constrict; zoion = animal.
B) Thin section on plane parallel to the surface shown in A), illustrating an unidentified sphinctozoan
(centre) and parts of others; Permian, Jiantianba, Hubei, S. China. C), D) Sphinctozoans in reef
framework: Corymbospongia amplia (C); Corymbospongia mica (D), samples from Sanqushan Fm,
Katian (Late Ordovician), Jiangxi, China.
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Inozoan sponges contrast the sphinctozoans because inozoans do not have the
chambered structure possessed by sphinctozoans (Senowbari-Daryan and Rigby,
2015). In particular, inozoans have a fibrous structure (Fig. 11, Greek ina = fibre, that
accounts for the fibrous arrangement of the hypercalcified skeleton in detail). Both
groups became important reef builders in the Permian (Fig. 2); although both were
badly affected by the end-Permian and end-Triassic extinctions, inozoans rebounded
in the Jurassic whereas sphinctozoans continued in low diversity (Fig. 2). Senowbari-
Daryan and Rigby (2015, p. 371-383) surveyed distribution of sphinctozoans and
inozoans, showing they both occur largely in low to mid latitudes throughout their
history, and were palaeogeographically limited during most of the Palaeozoic,
becoming more widespread in Permian and Triassic. However, they became more
restricted in later Mesozoic time and through the Cenozoic.
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C) Vertical section of sponge similar to A & B, showing cup-shaped form (outlined by yellow arrows);
in contrast to sphinctozoans, it lacks a chamber, characteristic of inozoans. The cup is filled with
clastic debris and fragments of other inozoans. D) Enlargement of C, showing sponge network of
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hypercalcified skeleton. E), F) Thin section details of sample in A-D (E is PPL, F is XPL), showing
fibrous structure from which the inozoan name is derived (Greek ina = fibre).

3.5. Other hypercalcified sponges and related forms

3.5.1. Calathids

As the only currently valid genus of calathids (Li et al., 2015b), Calathium (Fig.
12A,B) is an open, cup-shaped fossil and a common reef builder in the Early to early
Middle Ordovician (Webby, 2002). It has an obconical (or cylindrical), branching body
with an extensive holdfast composed of a network of calcareous structures around
the base and within the cup (Guo, 1983; Li et al., 2015b; Dzik, 2024). First described
by Billings (1865), Calathium was initially thought to belong to a unique group of
sponge-like organisms. By the late 1970s and early 1980s, however, it was classified
within the receptaculitids, a puzzling group of calcareous green algae in the family
Soanitidae (Nitecki and Debrenne, 1979; Nitecki et al., 1981). However, Calathium
differs from receptaculitids in terms of shape, attachment, pores, wall structure, and
calcification patterns (Rowland, 2001). Its perforated inner and outer walls suggest
that its assignment to algae is questionable (Church, 1991) and it likely functioned
more like filter-feeding sponges (Church, 2009). Furthermore, the well-developed
lateral outgrowths and budding reproduction seen in specimens indicate that
Calathium cannot be placed within receptaculitids (Zhang, 1995; Li et al., 2015b,
2017).
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Fig. 12 Calathium, Pulchrilamina and Lophiostroma hypercalcified architectures. A), B) VS (A) and
TS (B) thin section views of tapered cylindrical calcified fossil Calathium, regarded as a sponge. C),
D) VS thin section views of problematic fossil Puichrilamina that has similarities to stromatoporoids

but sufficiently different to be considered separately (see Webby, 2015a). Samples in A-D from
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Hunghuayuan Fm, Floian (Lower Ordovician), Hubei, China. E) VS in PPL of Lophiostroma schmidlii,
classed as a labechiid stromatoporoid (Webby, 2015), comprising undulating small plates arranged
into juxtaposed columns, revealed in F) under cathodoluminescence. G), H) Detailed matching VS
views in PPL (G) and XPL (H) of L. schmidltii, demonstrating its unique diagenetic structure,
considered in detail by Kershaw (2022). Biostrome, Hemse Group, Middle Ludlow; Kuppen site,
Gotland. E-H reproduced under CC-BY-4.0 licence from Kershaw (2022).

Siberian calathids, once described as Soanites (Myagkova, 1965, 1984), are
now considered a junior synonym of Calathium (Nitecki, 1986). Billings' original
description did not mention outgrowths or holdfast structures, likely due to the
incomplete nature of the Calathium formosum holotype. Rauff (1894) later introduced
the name Calathium? (Calathella) anstedi (Billings), defining Calathella as a loosely
defined subgenus of Calathium. Nitecki (1972) proposed that Calathella is
distinguished by its prominent outgrowths, but he later revised this, suggesting that
the outgrowths were due to epibionts, not part of the organism itself (Nitecki, 1986).
Consequently, most authors have rejected Nitecki's definition of Calathella, leaving
Calathium as the only widely accepted genus. One of the authors of this paper (QL)
recently collected samples from the Fillmore Formation in Nevada, which show
outgrowths in nearly all well-preserved specimens, challenging previous descriptions
that calathids lack outgrowths in the Great Basin (Nitecki, 1986, p. 29). Thus, it
appears that outgrowths are a characteristic feature of Calathium, and their absence
in some specimens may be due to incomplete preservation (Guo, 1983; Zhang,
1995; Liu et al., 2005).

The main shared feature between Calathium and receptaculitids is their calcified
elements (stellate structures with rods, also known as meroms) arranged in a similar
pattern. However, this feature is not exclusive to receptaculitids and has also been
noted in some cupuladriid bryozoans (Gould and Katz, 1975). Additionally, each
Calathium rod has stellate structures at both ends, while in most receptaculitids, the
rods (merom shafts) only connect at the distal ends (Rowland, 2001). Thus, these
stellate structures may have evolved independently in different clades and are not
diagnostic. Recent numerical simulations indicate that the radial rods in Calathium
prolong the retention time of nutrients and gametes within the central cavity and in
the surrounding water, supporting the hypothesis that calathids were filter-feeders
(Feng, 2024). Updated morphological, structural, and functional analyses now
suggest that calathids were hypercalcified sponges rather than receptaculitid algae,
as previously believed (Li et al., 2015b, 2017).

3.5.2. Pulchrilaminids

Pulchrilaminids (Fig. 12C,D) are regarded as an uncertain class of hypercalcified
sponges in the Lower to Middle Ordovician. Earlier work considered pulchrilaminids
to be related to labechiid stromatoporoids, but this is now discounted (Webby, 2015).
Webby (2015b) illustrated and described them as having laminar, domical and
columnar shapes, with prominent internal lamination but dissimilar to any other
hypercalcified sponge grade. Of the few taxa included within this group, the
controversial genus Zondarella was convincingly reinterpreted as a microbialite
(Canas and Carrera, 2023). The true nature of the other few genera of
pulchrilaminids is unknown, but it remains possible they are poriferans.
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3.5.3. Lophiostroma schmidtii

Lophiostroma schmidftii (Fig. 12E-G) is included with the stromatoporoid-grades as
one of the labechiids (Webby, 2015c) but we highlight it here because of its unique
solid skeletal structure that does not fit well with the concept of a stromatoporoid
architecture. Lophiostroma schmidltii, the most well-known Lophiostroma taxon
(illustrated in detail by Kershaw, 2022) is comprised of thin plates, that may or may
not be equivalent to the cyst plates found in the labechiid-type stromatoporoid. Of
great interest is that the diagenetic overprinting present in all samples studied of L.
schmidtii, differs from all other stromatoporoids; compare Figs. 6 and 12E-H, which
creates uncertainty in determining the relationship between L. schmidtii and other
stromatoporoids, such that it may or may not be appropriate to retain this taxon in
the stromatoporoid grade classification. Nevertheless, its position as a member of
the hypercalcified Porifera is not questioned at present.

3.5.4. Disjectoporids

Disjectoporids are poorly known hypercalcified sponges found in Permian and
Triassic strata (Stearn, 2015), largely from Asia, see Fig. 13. Disjectoporids are not
clearly related to any other hypercalcified sponge grade, and little work has been
done on this uncommon group of fossils, a topic for future development.

Fig. 13 Disjectoporids. A), B) VS (A) and TS (B) of Disjectopora, regarded as hypercalcified
sponges of uncertain affinity (Stearn, 2015). Reproduced from Stearn (2015, Fig. 208, parts 1a, 1b)
under CC-BY-4.0 licence.

3.5.5. Stromatoporoid-like forms

A list of stromatoporoid-like forms of hypercalcified fossils was compiled by Stearn &
Stock (2015) as part of the 2015 Treatise, to demonstrate that there are many other
fossils in the rock record that may be included within the hypercalcified sponges.
Stearn and Stock’s (20195) list, represented in a stratigraphic chart of hypercalcified
sponges (Fig. 2G), includes taxa ranging from earliest Carboniferous to latest
Cretaceous. The list includes the problematic taxon Palaeoaplysina (Jeon et al.,
2024), that is prominent in some Carboniferous reefs. However, little work has been
done on this ad-hoc grouping of fossils, lamentably related to the declining number
of researchers in recent years. Thus there is much potential for development in this
area.
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4. Polyphyly of hypercalcified sponges

Modern hypercalcified sponges are demonstrably polyphyletic, as discussed in detail
by a range of authors (e.g. Vacelet, 1985; Wood, 1990, 1991; Chombard et al., 1997;
Senobari-Daryan and Rigby, 2015); thus the taxonomic determination of these fossils
cross-cuts the distribution of hypercalcified skeletal forms, that shows the
hypercalcified skeleton does not have phyletic value. Fig. 14 shows the four modern
hypercalcified forms and their historical range, and also indicating the relationship
between Cambrian archaeocyaths and the living Vaceletia. The overlap between
hypercalcified grades and phyletic groups is notable. Nevertheless, archaeocyaths
were designated as a class of sponges (Debrenne et al., 2002), and the 2015
Treatise separated the Palaeozoic stromatoporoids as Class Stromatoporoidea. The
problem is that these fossils do not possess spicules, so determination of their
phyletic positions must remain questionable, and thus their relationships with fossil
non-hypercalcified sponges (the latter recognized largely because they are spicule-
bearing!) continues to be problematic. This is an area of continuing debate in the
research community.
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Fig. 14 Hypercalcified sponge polyphyly. Examples of modern hypercalcifed sponges in four of the
grades, with coloured boxes indicating which Classes of sponges they belong to. This simple diagram
illustrates the polyphyletic nature of hypercalcified sponges, and underlines the key point that the
grades are not phyletic entities.

5. Palaeogeographic comparisons between fossil and modern hypercalcified
sponges

Fossil hypercalcified sponges occur in low to mid-latitudes in palaeogeographic
reconstructions, and for this final section of the study, we use the example of the
Palaeozoic stromatoporoid-grade sponges, that were the most successful grade of
the Phanerozoic Eon. Fig. 15 shows a comparison of palaeogeographic difference
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664 between the Devonian peak of stromatoporoid growth and the suite of 19 modern
665 genera of hypercalcified sponges, collated from the Global Biodiversity Information
666  Facility. Most of the modern genera lie in low latitudes, compatible with the

667  distribution of reef-building Devonian stromatoporoids in warm climates of the

668  Devonian low latitudes, which is consistent also with the other reef-building

669 hypercalcified sponge grades (Kiessling et al., 2002). However, some modern

670  hypercalcified sponges occur in higher latitudes, in colder waters, and may reflect a
671  widening of their environmental tolerance compared to prior times, contrasting their
672  loss of dominance of shallow marine assemblages.
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Fig. 15 Examples of hypercalcified sponge biogeography. A) Global distribution of all 19 genera
modern hypercalcified sponges, compiled from the Global Biodiversity Information Facility
(https://lwww.gbif.org); most taxa, including the abundant and widespread Astrosclera and
Acanthochaetetes (Spirastrella) are grouped in yellow colour, and occur largely in tropical and
subtropical areas. However, in red and blue are separated two taxa that may occur in modern high
latitudes. B) Middle Devonian stromatoporoid distribution, reproduced from Stock (2015) under CC-
BY-4.0 licence, showing the wide latitudinal occurrence and some separation into two provinces,
noting that the Middle Devonian time is generally considered as a warm period allowing spread of
stromatoporoid-grade sponges into higher latitudes. C), D) Distribution of Early and Late
Carboniferous chaetetid-grade sponges, demonstrating their occurrence in low to middle latitudes.
See text for discussion.

6. Conclusions
From this short survey of hypercalcifed sponges, we draw the following key points:

1. In addition to the five main form-groups (grades) of hypercalcified sponges
(archaeocyaths, stromatoporoids, chaetetids, sphinctozoans, inozoans) is a mixed
bag of fossil hypercalcified taxa, not all of which have been proven as sponges. The
concept of grades reflects an important point that the spectrum of hypercalcified
sponges is not fixed into fully separated groups, with some merging of form-groups;

2. Sponges show ability to hypercalcify from early Cambrian, they survived all mass
extinctions, continuing to present day. There is a continuous record of
hypercalcification through the entire geological history of these sponges;

3. Fossil hypercalcified secondary skeletons groups cross-cut taxonomy of modern
hypercalcified sponges. Fossil hypercalcified sponges bearing spicules have long
been known to be polyphyletic, but a question remains as to whether archaeocyaths
(Cambrian) & mid-Palaeozoic stromatoporoids were truly separate phyletic groups,
noting that they lack spicules.

4. Overall maybe the best approach is to treat HSs as an integrated system of
hypercalcification, with continuing major questions about phylogeny;

5. Hypercalcified sponges have a palaeogeographic context relating to continental

distribution and global ocean & climate.

Funding
Financial support provided by: The National Natural Science Foundation of China
(42372039) and Ministry of Science and Technology of China (2023FY100901).

Availability of data and materials
Supporting data for Fig. 2 of this study are provided in Supplemental file 1.

Authors’ contributions
The authors together conceived the idea of this study and provided equal input.

27



727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774

Declaration of competing interest
The authors declare that they have no competing interests.

Acknowledgements

We gratefully acknowledge support and encouragement from administrators of
the Journal of Palaeogeography in the production of this study. Simon Schneider
(CASP, Cambridge, UK) is thanked for Jurassic chaetetid samples illustrated.
Patrycja Dworczak is thanked for some sample preparation. SK thanks Ronald West
(Kansas State University) for providing facilities for collection of chaetetids in USA;
and Hao Tang (Southwest Petroleum University, Chengdu) for Cambrian
archaeocyath material from Sichuan Province, China. We are grateful to Kathleen
Huber, representing SEPM, for permission to reproduce images in Fig. 6.

Conflict of interests
The authors declare that they have no conflicts of interests.

References

Azerédo, A.C., Wright, V.P., and M.M. Ramalho. 2002. The Middle—Late Jurassic
forced regression and disconformity in central Portugal: eustatic, tectonic and
climatic effects on a carbonate ramp system. Sedimentology, 49, 1339-1370.

Barnes, B.D., Sclafani, J.A., and Zaffos, A. 2021. Dead clades walking are a
pervasive macroevolutionary pattern. PNAS, 118, e2019208118, 6 pages.

Billings, E., 1865. Palaeozoic fossils. Containing descriptions and figures of new or
little known species of organic remains from the Silurian rock. 1861-1865
Geological Survey of Canada, vol. 1. Dawson Brothers, Montreal (426 pp.).

Botting, J.P., and L.A. Muir. 2018. Early sponge evolution: A review and phylogenetic
framework. Palaeoworld 27: pp. 1-29.

Canas, F.L., and Carrera, M.G. 2023. Microbial origin of the Ordovician
stromatoporoid-like organism Zondarella from the Argentine Precordillera and
the post-Cambrianpersistence of stromatolite microbialite reefs.
Palaeogeography, Palaeoclimatology, Palaeoecology, 627, 111752, 12 pages.

Carrera, M.G., Rigby, J.K. 2004. Sponges. Pp. 102-111 in: Webby, B.D. Paris, F.,
Droser, M.L., Percival, |.G. (Eds.). The great Ordovician biodiversification event.
Columbia University Press, New York.

Chombard, C., Boury-Esnault, N., Tillier, A., and J. Vacelet. 1997. Polyphyly of
“Sclerosponges” (Porifera, Demospongiae) supported by 28S Ribosomal
sequences. Biological Bulletin 193: 359-367.

Church, S.B., 1991. A new Lower Ordovician species of Calathium, and skeletal
structure of western Utah calathids. Journal of Paleontology, 65, 602—610.

Church, S.B., 2009. Problematic receptaculitid fossils from western Utah and eastern
Nevada. Brigham Young University Geology Studies, 38, pp. 55—65.

Cohen, K.M., Finney, S.C., Gibbard, P.L., and Fan, J.-X. 2013, updated. The ICS
International Chronostratigraphic Chart. Episodes 36: 199-204.

Debrenne, F., Zhuravlev, A.Y., and P.D. Kruse. 2002. Class Archaeocyatha
Bornemann, 1884. Bibliography of Class Archaeocyatha. In J. N. A. Hooper & R.
W. M. van Soest, eds., Systema Porifera. A Guide to the Classification of
Sponges, vol. 2. Kluwer Academic/Plenum Publishers. New York, Boston,
Dordrecht, London, & Moscow. p. 1539-1699.

28



775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822

Debrenne, F., Zhuravlev, A. Yu., and P.D. Kruse. 2015a. General features of the
Archaeocyatha. Pp. 845-922 in: Selden, P.A. (Ed.). Treatise on Invertebrate
Paleontology. Part E (Revised), Porifera, vol 4-5. The University of Kansas
Paleontological Institute, Lawrence, Kansas.

Debrenne, F., Zhuravlev, A. Yu., and P.D. Kruse. 2015b. Systematic descriptions:
Archaeocyatha. Pp. 923-1093 in: Selden, P.A. (Ed.). Treatise on Invertebrate
Paleontology. Part E (Revised), Porifera, vol 4-5. The University of Kansas
Paleontological Institute, Lawrence, Kansas.

Downey, R.V., Griffiths, H.J., Linse, K., and D. Janussen. 2012. Diversity and
distribution patterns in high southern latitude sponges. PLoS One 7: e41672, 16
pages.

Dzik, J., 2024. A variety of meroms and affinity of receptaculitids. Lethaia, 57(2), 1-8.

Ezaki, Y., Masui, M., Nagai, K., Webb, G.E., Shimizu, K., Sugama, S., Adachi, N.,
and T. Sugiyama. 2024. Post-Devonian re-emergence and demise of
stromatoporoids as major reef builders on a Carboniferous Panthalassan
seamount. Geology, https://doi .org /10 .1130 /G52420 .1; 5 pages.

Feng, W.Q., 2024. Numerical simulation and functional analysis of the Ordovician
Calathium, Nanjing Institute of Geology and Palaeontology. University of
Chinese Academy of Sciences, Nanjing, 122 pp. (in Chinese with English
abstract).

Gazave, E., Lapébie, P., Ereskovsky, A.V., Vacelet, J., Renard, E., Cardenas, P., and
C. Borchiellini. 2012. No longer Demospongiae: Homoscleromorpha formal
nomination as a fourth class of Porifera. Hydrobiologia 687: 3-10.

Gould, S.J., Katz, M., 1975. Disruption of ideal geometry in the growth of
receptaculitids: a natural experiment in theoretical morphology. Paleobiology, 1—
20.

Guo, S., 1983. The receptaculitid Soanites from the Early Ordovician of China.
Memoirs of the Association Australasian Palaeontologists, 1, 75—-84.

Hartman, W.D., 1969. New genera and species of coralline sponges (Porifera) from
Jamaica. Postilla 137: 1-39.

Hartman, W.D., and T.F. Goreau. 1970. Jamaican coralline sponges: their
morphology, ecology and fossil relatives. Symposium of the Zoological Society of
London 25: 205-243.

Hooper, J.N.A. and Van Soest, R.W.M. 2002. Class Demospongiae Sollas, 1885.
Pp. 15-51 in Hooper, J.N.A. and Van Soest, R.W.M. (eds), Systema Porifera: a
Guide to the Classification of Sponges. Kluwer Academic/Plenum Publishers,
New York.

llan, M., and Vacelet, J. 1993. Kebira uteoides (Porifera, Calcarea) a recent
“pharetronid” sponge from coral reefs. Ophelia, 38, 107-116.

Jeon, J., Li, Q., Oh, J.-R., Choh, S.-J., and Lee, D.-J., 2019. A new species of the
primitive stromatoporoid Cystostroma from the Ordovician of East Asia.
Geosciences Journal, 23, 547-556.

Jeon, J., Lee, H,, Lee, Y., Lee, M, Lee, J-H., Woo, J., Choh, S-J. 2024. Growth
behaviour and palaeoecological rose of microproblematica Palaeoaplysina in the
Late Carboniferous to Early Permian of Svalbard. 37 International Geological
Congress, Busan, Korea, Poster Abstract.

Jung, J., Zoppe, S.F., Sote, T., Moretti, S., Duprey, N.N., Foreman, A.D., Wald, T.,
Vonhof, H., Haug, G.H., Sigman, D.M., Mulch, A., Schindler, E., Janussen, D.,

29



823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870

Martinez-Garcia, A. 2024. Coral Photosymbiosis on Mid-Devonian Reefs.
Nature, 7 pages, https./doi.org/10.1038/s41586-024-08101-9.

Kershaw, S. 2013. Palaeozoic stromatoporoid futures: a discussion of their
taxonomy, mineralogy and applications in palaeoecology and
palaeoenvironmental analysis. Journal of Palaeogeography, 2(2), 163-182.

Kershaw, S. 2022. Lophiostroma schmidltii; the most enigmatic Palaeozoic
stromatoporoid. An atlas of images, in two parts: Part 1:
https://figshare.com/articles/figure/Lophiostroma_schmidtii NICHOLSON_ THE
MOST ENIGMATIC PALAEOZOIC _STROMATOPOROID TAXONOMY_GRO
WTH_ DIAGENESIS/196174837file=34846665. Part 2:
https://figshare.com/articles/figure/Lophiostroma_schmidtii NICHOLSON_ THE
MOST ENIGMATIC PALAEOZOIC _STROMATOPOROID TAXONOMY_GRO
WTH_DIAGENESIS/196174837file=34846671.

Kershaw, S., Munnecke, A., Jarochowska, E. 2018. Understanding Palaeozoic
stromatoporoid growth. Earth Science Reviews, 187, 53-76.

Kershaw, S., Da Silva, A-C., Sendino, C. 2021a. British Silurian Stromatoporoids;
Faunas, Palaeobiology and Palaeographical Significance. Monographs of the
Palaeontographical Society, 175, publication 660. Pages 1-92, Plates 1-22. DOI:
10.1080/02693445.2021.2027157.

Kershaw, S., Munnecke, A., Jarochowska, E., Young, G. 2021b. Palaeozoic
stromatoporoid diagenesis: a synthesis. Facies, 67:20,
https://doi.org/10.1007/s10347-021-00628-x. 43 published pages and
supplemental file of 18 figures.

Kershaw, S. 2023. Stromatoporoids and their symbionts in the upper Silurian of
Gotland: implications for palaeobiological and palaeoecological analysis.
Palaeogeography, Palaeoclimatology, Palaeoecology 613: 111415, 21 pages.

Kershaw, S., and J. Jeon. 2024. Stromatoporoids and extinctions. Earth-Science
Reviews 252: 104721, 24 pages.

Kiessling, W., Flugel, E., and J. Golonka. 2002. Phanerozoic Reef Patterns. SEPM
Special Publication No. 72. SEPM (Society for Sedimentary Geology).

Kruse, P.D., and F. Debrenne. 1989. Review of archaeocyath microstructures.
Memoirs of the Association of Australasian Palaeontologists 8: 133—141.

Lee, J-H. 2022. Limiting the known range of archaeocyath to the middle Cambrian:
Antarcticocyathus webersi Debrenne et al. 1984 is a lithistid sponge. Historical
Biology 1-5. d0i:10.1080/08912963.2022.2155818. S2CID 254628199.

Lee, J-H., and Riding, R. 2018. Marine oxygenation, lithistid sponges, and the early
history of Paleozoic skeletal reefs. Earth-Science Reviews, 181, 98-121.

Lesser, M.P., and M. Slattery. 2018. Sponge density increases with depth throughout
the Caribbean. Ecosphere 9: e02525, 8 pages.

Li, Q.J., Li, Y., and Kiessling, W., 2015a. The first sphinctozoan-bearing reef from an
Ordovician back-arc basin. Facies, 61, 17.

Li, Q.J., Li, Y., Wang, J.P., and Kiessling, W. 2015b. Early Ordovician lithistid
sponge—Calathium reefs on the Yangtze Platformand their paleoceanographic
implications. Palaeogeography, Palaeoclimatoloogy, Palaeoecology, 425, 84—-96.

Li, Q.J., Li,Y., Zhang, Y.D., and Munnecke, A., 2017. Dissecting Calathium microbial
frameworks: the significance of calathids for the Middle Ordovician reefs in the
Tarim Basin, northwestern China. Palaeogeography, Palaeoclimatology,
Palaeoecology, 474, 66—78.

30


https://figshare.com/articles/figure/Lophiostroma_schmidtii_NICHOLSON_THE_MOST_ENIGMATIC_PALAEOZOIC_STROMATOPOROID_TAXONOMY_GROWTH_DIAGENESIS/19617483?file=34846665
https://figshare.com/articles/figure/Lophiostroma_schmidtii_NICHOLSON_THE_MOST_ENIGMATIC_PALAEOZOIC_STROMATOPOROID_TAXONOMY_GROWTH_DIAGENESIS/19617483?file=34846665
https://figshare.com/articles/figure/Lophiostroma_schmidtii_NICHOLSON_THE_MOST_ENIGMATIC_PALAEOZOIC_STROMATOPOROID_TAXONOMY_GROWTH_DIAGENESIS/19617483?file=34846665
https://figshare.com/articles/figure/Lophiostroma_schmidtii_NICHOLSON_THE_MOST_ENIGMATIC_PALAEOZOIC_STROMATOPOROID_TAXONOMY_GROWTH_DIAGENESIS/19617483?file=34846671
https://figshare.com/articles/figure/Lophiostroma_schmidtii_NICHOLSON_THE_MOST_ENIGMATIC_PALAEOZOIC_STROMATOPOROID_TAXONOMY_GROWTH_DIAGENESIS/19617483?file=34846671
https://figshare.com/articles/figure/Lophiostroma_schmidtii_NICHOLSON_THE_MOST_ENIGMATIC_PALAEOZOIC_STROMATOPOROID_TAXONOMY_GROWTH_DIAGENESIS/19617483?file=34846671
https://doi.org/10.1007/s10347-021-00628-x
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1080%2F08912963.2022.2155818
https://en.wikipedia.org/wiki/S2CID_(identifier)
https://api.semanticscholar.org/CorpusID:254628199

871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918

Li, Q.J., Na, L., Yu, S.Y., Mao, Y.Y., Kershaw, S. and Li, Y., 2023. Katian (Late
Ordovician) sphinctozoan-bearing reefs: Hybrid carbonates before the glacial
maximum. Palaeogeography Palaeoclimatology Palaeoecology, 624, 111624.

Liu, B., Zhu, Z., Li, X., 2005. A discussion on several problems of calathid fossils.
Acta Palaeontologica Sinica, 44, 267—-282 (in Chinese with English abstract).

Luo, C. Zhao, F., and Zeng, H. 2019. The first report of a vauxiid sponge from the
Cambrian Chengjiang biota. Journal of Paleontology 94: 28-33.

Luo, C., Yang, A., Zhuravlev, A.Y., and J. Reitner. 2021. Vauxiids as descendants of
archaeocyaths: a hypothesis. Lethaia 54: 700-710.

Myagkova, E.I., 1965. Soanitida—a new group of organisms. International
Geological Reviews, 8, 16—22 (in Russian).

Myagkova, E.l., 1984. Comparativemorphology of Calathium Billings 1865, and of
Soanites Myagkova 1965. In: Sokolov, B.S. (Ed.), Paleozoic and Mesozoic
problematica. Academy of Sciences of the USSR, Moscow, pp. 38—43 (in
Russian).

Nestor, H., 2015. Clathrodictyida: systematic descriptions. Pp. 755768 in: Selden,
P.A. (Ed.). Treatise on Invertebrate Paleontology. Part E (Revised), Porifera, vol
4-5. The University of Kansas Paleontological Institute, Lawrence, Kansas.

Neuweiler, F., Kershaw, S., Boulvain, F., Matysik, M., Sendino, C., McMenamin, M.,
Wood. R. 2022. Keratose sponges in ancient carbonates: a problem of
interpretation. https://www.biorxiv.org/content/10.1101/2022.03.23.485445v1.

Newell, N., 1935. Some Mid-Pennsylvanian invertebrates from Kansas and
Oklahoma. Il. Stromatoporoidea, Anthozoa and gastropods. Journal of
Paleontology, 9, 341-355.

Nitecki, M.G., Zhuravleva, |.T., Myagkova, E.l., Toomey, D.F., 1981. Similarity of
Soanites bimuralis to Archaeocyatha and receptaculitids. Paleontol. Zh., 15, 5-9
(in Russian).

Nitecki, M.H., 1972. North American Silurian Receptaculitid Algae, Fieldiana
Geology, 28. Field Museum of Natural History, Chicago (108 pp.).

Nitecki, M.H., 1986. Receptaculitids and their relationship to other problematic
fossils. Pp. 27-34 in: Hoffman, A., Nitecki, M.H. (Eds.), Problematic Fossil Taxa.
Oxford University Press, New York.

Nitecki, M.H., Debrenne, F., 1979. The nature of radiocyathids and their relationship
to receptaculitids and archaeocyathids. Geobios, 12, 5-27.

Ozkidmen, H., 2009. Substitute names for eight sponge genus group names
(Porifera). Munis Entomology & Zoology, 4, 212-218.

Pruss, S.A., Karbowski, G., Zhuravlev, A. Yu., Webster, M., and E.F. Smith. 2024.
Dead clade walking: the persistence of Archaeocyathus in the aftermath of early
Cambirian reef extinction in the western United States. Palaios 39: 210-224.

Rauff, H. 1894. Palaeospongiologie. Specieller Theil. A. Spongien des
Palaeozoicum. Palaeontographica, 40, 233-346, 17 pls., textfigs. 49-75. (in
German).

Rowland, S.M., 2001. Archaeocyaths: a history of phylogenetic interpretation.
Journal of Paleontology, 75, 1065-1078.

Reitner, J. 1990. Polyphyletic origin of the "Sphinctozoans". Pp. 33-42 in Rutzler, K.
(ed.), New Perspectives in Sponge Biology, Proceedings of the Third
International Conference on the Biology of Sponges (Woods Hole). Smithsonian
Institution Press, Washington, DC.

31


https://www.biorxiv.org/content/10.1101/2022.03.23.485445v1

919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966

Senowbari-Daryan, B., 2005. Hypercalcified sphinctozoan sponges from Upper
Triassic (Norian-Rhaetian) reefs of the Nayband Formation (central and
northeast Iran). Jahrbuch der Geologischen Bundesanstalt 145,171-277.

Senowbari-Daryan, B., Garcia-Bellido, D.C. 2002. Fossil ‘Sphinctozoa’:chambered
sponges (polyphyletic). Pp 1511-1538 in: Hooper John NA, Van Soest Rob WM
(Eds.). Systema porifera. Springer, Heidelberg.

Senowbari-Daryan, B., Rigby, J.K. 2011. Part E, Revised, Volume 4, Chapter 7:
Sphinctozoan and Inozoan hypercalcified sponges: an overview. Treatise Online
28:1-90.

Senowbari-Daryan, B., Rigby, J.K., 2015. Sphinctozoan and inozoan hypercalcified
sponges: an overview. Pp. 321-395 in: Selden, P.A. (Ed.). Treatise on
Invertebrate Paleontology. Part E (Revised), Porifera, vol 4-5. The University of
Kansas Paleontological Institute, Lawrence, Kansas.

Stearn, C.W., 2015a. Functional morphology of the Paleozoic stromatoporoid
skeleton. Pp. 551-573 in: Selden, P.A. (Ed.). Treatise on Invertebrate
Paleontology. Part E (Revised), Porifera, vol 4-5. The University of Kansas
Paleontological Institute, Lawrence, Kansas.

Stearn, C.W., 2015b. Systematic descriptions of the Class and Order Uncertain:
Family Disjectoporidae. Pp. 311-320 in: Selden, P.A. (Ed.). Treatise on
Invertebrate Paleontology. Part E (Revised), Porifera, vol 4-5. The University of
Kansas Paleontological Institute, Lawrence, Kansas.

Stearn, C.W., Stock, C.W., 2015. A list of Upper Paleozoic — Mesozoic
stromatoporoid-like genera; and excluded taxa. Pp. 307-310 in: Selden, P.A.
(Ed.). Treatise on Invertebrate Paleontology. Part E (Revised), Porifera, vol 4-5.
The University of Kansas Paleontological Institute, Lawrence, Kansas.

Stock, C.W., Nestor, H., Webby, B.D., 2015. Paleobiogeography of the Paleozoic
Stromatoporoidea. Pp. 653—689 in: Selden, P.A. (Ed.). Treatise on Invertebrate
Paleontology. Part E (Revised), Porifera, vol 4-5. The University of Kansas
Paleontological Institute, Lawrence, Kansas.

Tang, H., Kershaw, S., Tan, X-C., Liu, H., Li, F., Shen, C., Lu, F-F., and X-F. Yang.
2019. Sedimentology of reefal buildups oft he Xiannidong Formation (Cambrian
Series 2), SW China. Journal of Palaeogeography 8.11, 11 pages.

Termier, H., and G. Termier. 1973. Stromatopores, sclérosponges et Pharétrones:
Les Ischyrospongia. Annales des Mines et la Geologie, Tunis 26: 285-297.

Vacelet, J., 1985. Coralline sponges and the evolution of Porifera. Pp. 1-13 in:
Conway Morris, S., George, J.D., Gibson, R., Platt, H.M. (Eds.). The Origin and
Relationships of the Lower Invertebrates. Clarendon Press, Oxford.

Vacelet, J., 2015. Extant hypercalcified Calcarea: systematic descriptions. Pp. 293-
306 in: Selden, P.A. (Ed.). Treatise on Invertebrate Paleontology. Part E
(Revised), Porifera, vol 4-5. The University of Kansas Paleontological Institute,
Lawrence, Kansas.

Vacelet, J., Willenz, and W.D. Hartman. 2015. Living hypercalcified sponges. Pp. 1-
14 in: Selden, P.A. (Ed.). Treatise on Invertebrate Paleontology. Part E
(Revised), Porifera, vol 4-5. The University of Kansas Paleontological Institute,
Lawrence, Kansas.

Webby, B.D., 2002. Patterns of Ordovician reef development. Pp. 129-179 in:
Kiessling, W., Flugel, E., Golonka, J. (Eds.), Phanerozoic Reef Patterns. SEPM,
Tulsa.

32



967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994

Webby, B.D. 2015a. Coordinating author’s preface. Pp. xviii—xxix in: Selden, P.A.
(Ed.). Treatise on Invertebrate Paleontology. Part E (Revised), Porifera, vol 4-5.
The University of Kansas Paleontological Institute, Lawrence, Kansas.

Webby, B.D. 2015b. Class Uncertain: Order Pulchrilaminida: systematic
descriptions. Pp. 837-844 in: Selden, P.A. (Ed.). Treatise on Invertebrate
Paleontology. Part E (Revised), Porifera, vol 4-5. The University of Kansas
Paleontological Institute, Lawrence, Kansas.

Webby, B.D., 2015c. Labechiida: systematic descriptions. Pp. 709-754 in: Selden,
P.A. (Ed.). Treatise on Invertebrate Paleontology. Part E (Revised), Porifera, vol
4-5. The University of Kansas Paleontological Institute, Lawrence, Kansas.

West, R.R., Vacelet, J., Wood, R.A., Willenz, P., Hartman, W.D., 2015.
Hypercalcified extant and fossil chaetetid-type and post-Devonian
stromatoporoid-type Demospongiae: systematic descriptions. Pp. 209-291 in:
Selden, P.A. (Ed.). Treatise on Invertebrate Paleontology. Part E (Revised),
Porifera, vol 4-5. The University of Kansas Paleontological Institute, Lawrence,
Kansas.

Wood, R., 1990. Reef-building sponges. American Scientist, 78, 224—-235.

Wood, R., 1991. Non-spicular biomineralization in calcified demosponges. Pp. 322-
340 in Reitner, J. and Keupp, H. (eds). Fossil and Recent Sponges. Springer-
Verlag, Berlin, Heidelberg.

WauIff, J., 2016. Sponge contributions to the geology and biology of reefs: past,
present, and future. Pp. 103-126 in: Hubbard, D.K., Rogers, C.S., Lipps, J.H.,
Stanley Jr, G.D. (Eds.). Coral Reefs at the Crossroads. Coral Reefs of the World,
vol 6. Springer, Dordrecht.

Zhang, S., 1995. Exothecal structures of the calathiids and their significance. Acta
Palaeontologica Sinica, 34, 619—634 (in Chinese with English abstract).

<<<<<<<<<< END OF FILE >>>>>>>>>>>>>

33



