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ABSTRACT

Reports of diverse vermiform and peloidal structures in Neoproterozoic to

Mesozoic open marine to peritidal carbonates include cases interpreted to be

keratose sponges. However, living keratose sponges have elaborate, highly

elastic skeletons of spongin (a mesoscopic end-member of a hierarchical

assemblage of collagenous structures) lacking spicules, thus have poor

preservation potential in contrast to the more easily fossilized spicule-

bearing sponges. Such interpreted fossil keratose sponges comprise diverse

layered, network, amalgamated, granular and variegated microfabrics of nar-

row curved, branching, vesicular–cellular to irregular areas of calcite cement,

thought to represent former spongin, embedded in microcrystalline to peloi-

dal carbonate. Interpreted keratose sponges are presented in publications

almost entirely in two-dimensional (thin section) studies, usually displayed

normal to bedding, lacking mesoscopic three-dimensional views in support

of a sponge body fossil. For these structures to be keratose sponges critically

requires conversion of the spongin skeleton into the calcite cement compo-

nent, under shallow-burial conditions and this must have occurred prior to

compaction. However, there is no robust petrographic–geochemical evidence

that the fine-grained carbonate component originated from sponge mummifi-

cation (automicritic body fossils via calcification of structural tissue compo-

nents) because in the majority of cases the fine-grained component is

homogenous and thus likely to be deposited sediment. Thus, despite numer-

ous studies, verification of fossil keratose sponges is lacking. Although some

may be sponges, all can be otherwise explained. Alternatives include:

(i) meiofaunal activity; (ii) layered microbial (spongiostromate) accretion;

(iii) sedimentary peloidal to clotted micrites; (iv) fluid escape and capture

resulting in bird’s eye to vuggy porosities; and (v) moulds of siliceous

sponge spicules. Uncertainty of keratose sponge identification is fundamen-

tal and far-reaching for understanding: (i) microfacies and diagenesis where
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they occur; (ii) fossil assemblages; and (iii) wider aspects of origins of animal

clades, sponge ecology, evolution and the systemic recovery from mass

extinctions. Thus, alternative explanations must be considered.

Keywords Automicrite, metazoan evolution, microfacies analysis, mummi-
fication, sponge taphonomy.

INTRODUCTION

This study addresses problems of reliable recog-
nition of fossil keratose sponges in shallow-
marine limestones and dolostones, an issue
based on a variety of microfabrics, advocated as
sponges at the scale of microfacies (thin sec-
tions). For this investigation, sponges present
two fundamental forms requiring understanding
in relation to preservation as fossils: (i) those
lacking mineral parts constituting (among
others) the Keratosa group of demosponges
(Fig. 1A to D); and (ii) those with opaline min-
eral spiculate skeletons (Figs 1E, 1F, 2A, 2B, 3,
4 and 5A to D). This topic is important because
claims of keratose sponges relate to accuracy of
microfacies analysis and might extend the fossil
record of aspiculate demosponges deep into the
Neoproterozoic (Turner, 2021). Analysis of these
structures therefore affects fundamental under-
standing of sedimentary facies containing such
microfabrics across a long-time range and, at its
extreme (Turner, 2021), presents a profound
contradiction with modelled molecular diver-
gence time estimates of respective clades (Fig. 2;
Schuster et al., 2018; Kenny et al., 2020). The
best-known fossil aspiculate(?) sponge, the ?ver-
ongid Vauxia (Fig. 5E and F) contains chitin,
not spongin (Ehrlich et al., 2013); and the for-
mer presence of opaline spicules is a matter of
debate (Yang et al., 2017; Fan et al., 2021).
Vauxiids might relate to latest stem-group demo-
sponges, some of the earliest heteroscleromorphs
(with spicules), and early verongids (without
spicules), outlined by Botting et al. (2013).
Indeed, lack of spicules creates uncertainty in
the phylogenetic position of sponges, discussed
by Maldonado (2009). Study of mineral spicu-
late sponge skeletons commonly begins with
hand specimens (e.g. De Freitas, 1991; Pisera,
1997; Rigby et al., 2008; Botting et al., 2017)
either as body fossils or disaggregated spicules,
noting that on death modern sponges generally
decay very quickly, opaline spicules readily dis-
solve, and in many instances leave no record
(Debrenne, 1999; Wulff, 2016).

The fossil record shows evidence of early evo-
lution and diversification of spiculate sponges
from exceptional preservation of Cambrian and
Ordovician sponges (Carrera & Botting, 2008;
Botting & Muir, 2018), and the estimated origin
of sponges is supplemented by molecular clock
phylogeny considering multiple calibration sets
(Dohrmann & W€orheide, 2017; Schuster et al.,
2018; Kenny et al., 2020). Problematically, fossil
sponges with mineral skeletons assessed solely
from thin sections are impossible to identify
with sufficient taxonomic detail, particularly if
disaggregated (see Fl€ugel, 2004, p. 495, 799)
because spicule shape and size can be difficult
to determine, or are obscured by pervasive
recrystallization (that may or may not be
resolved with cathodoluminescence micro-
scopy). Some secondary abiogenic mineral pre-
cipitates have been mistaken for sponge spicules
in thin section (Antcliffe et al., 2014).
Fossilization of keratose (aspiculate) sponges is

significantly more problematic than for biominer-
alic sponges because of the issue of preserving the
spongin organic skeleton in marine carbonates.
Nevertheless, keratose sponges have been
inferred in a range of facies from restricted
lagoons to open shelf, thus relatively shallow
facies. Interpretations of fossil keratose sponges
in carbonates began with Szulc (1997) in stroma-
tolites from restricted lagoonal facies (Matysik,
2016) in Middle Triassic Muschelkalk carbonates
from Upper Silesia (Poland) (Figs 6 and 7). Szulc
(1997) inferred that pockets and layers of porous
micrite within the stromatolites are sponges, but
did not give criteria for recognition of sponges,
noting that the porous structures described do not
represent spicules (Figs 6 and 7). Szulc (1997)
noted similar deposits from Thuringia (central
Germany) that are silicified, from which Szulc
inferred that the proposed sponges were silic-
eous. Non-spiculate sponges were inferred by
Reitner et al. (2001) and Reitner & W€orheide
(2002, fig. 10) for Devonian mud-mounds
(Boulonnais, France). Then, in a landmark study,
Luo & Reitner (2014) re-used Triassic and Devo-
nian material in serial grinding and imaging
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methods to construct microscopic 3D views,
proposing presence of fossil keratose (aspiculate)
sponges. However, Luo & Reitner (2014) them-
selves realized the uncertainty of sponge interpre-
tation, with terms such as ‘most likely’ and
‘putative’. Luo & Reitner’s (2014) work was devel-
oped by Luo & Reitner (2016), and these studies
were subsequently used to support numerous
proposals of keratose sponges in thin sections of
other carbonates from Neoproterozoic to at least
Triassic time (see compilation of publications in
Table S1). Key examples are by Reitner et al.
(2001), Luo & Reitner (2014, 2016), Lee & Hong
(2019), Lee & Riding (2021a,b, 2022, 2023), Baud
et al. (2021), Pei et al. (2021a,b), Pham et al.
(2021), Gischler et al. (2021), Turner (2021) and
Reitner et al. (2021). Luo et al. (2022) presented
criteria for recognition of fossil keratose sponges,
which are discussed later. No published cases of
vermiform structure interpreted as sponges in
rocks younger than Jurassic were found during
this study, although Luo (2015, p. 100–103)
argued that possible keratosan sponges occur in
Cretaceous and Eocene strata.
The problem of interpretation of keratose

sponges is lack of reliable criteria for identifica-
tion of their fossilized remains in any part of the
rock record; and there is no known diagenetic
process that could transform: (i) the spongin
skeleton into sparitic calcite commonly described
as keratose sponge structure; and (ii) the canal-
bearing soft tissue between the spongin skeleton
(Fig. 2C and D) into largely homogenous micro-
crystalline carbonate that dominates space
between sparite networks of interpreted ker-
atosans. In contrast, for biomineralic (siliceous)
sponges, Figs 3, 4 and 5A to D show the types of
preservation commonly encountered in thin sec-
tion. They largely comprise a distinct network of
spar-cemented spicule moulds that subsequently
might recrystallize, but in some cases also display
a former sponge canal system due to automicrite
production (= mummification; Fig. 3; Neuweiler
et al., 2007, for short review).
Interpreted keratose sponges in carbonate rocks

may instead be viewed diversely as problematica
(definite fossils, with unknown affinities), frag-
ments of altered siliceous sponges, graphoglyptid
trace fossils or even dubiofossils to pseudofossils.
Two main issues need resolving: (i) assessment of
arrangement of components of interpreted ker-
atose sponges; and (ii) consideration of alterna-
tives for future research. First, a background
review is presented, addressing issues of fossil
sponges that necessarily involves description of

relevant features of modern sponges. Then classi-
fication, description and discussion of the range
of microfabrics of interpreted keratose sponges in
carbonate rocks is explored. The focus is on four
key settings containing possible keratose sponges:
Neoproterozoic carbonates; close associations of
stromatolites and sponges (Cambrian, Triassic);
Cambro-Ordovician carbonates; and carbonate
facies in the aftermath of the end-Permian mass
extinction.

BACKGROUND REVIEW

Ambiguities in interpretation and classification
of sedimentary carbonate materials are wide-
spread, mostly related to the structure and volu-
metric importance of relatively small
microcrystalline grains (Lokier & Al Junaibi,
2016). Sources of error include problems of
identification in thin-section of structures that
may be fossils, in terms of form, functional
design and skeletal microstructure (Knoll, 2003;
Fl€ugel, 2004), constituting a grey zone between
clearly identifiable and suspect structures. This
grey zone comprises three types of objects: (i)
biogenic but requiring interpretation of basic
taxonomic placement (Problematica sensu lato;
Jenner & Littlewood, 2008; for example, Palaeo-
zoic Halysis as red alga, cyanobacteria, green
alga or tabulate coral; Zheng et al., 2020); (ii)
distinct structures that are inconclusive in terms
of biogenicity (dubiofossils of Hofmann, 1972);
and (iii) distinct structures that are certainly abi-
otic in nature (pseudofossils, discussion in
McMahon et al., 2021). Another aspect is that
the granularity of carbonate deposits may be
post-depositional in nature due to meiofaunal to
endofaunal activity, localized microburrow nests
or even diagenesis (Debrenne et al., 1989; Wood
et al., 1993; Pemberton & Gingras, 2005; L€ohr &
Kennedy, 2015; McMenamin, 2016; Wright &
Barnett, 2020). Furthermore, this grey zone
applies to cases extending into deep time and
even touches exobiology (Cloud, 1973; for exam-
ple, biogenicity criteria for tubular filaments and
lamination; chemical gardens comprising inor-
ganic processes resulting in structures resem-
bling organisms; molar-tooth structures; see
Grotzinger & Rothman, 1996; Awramik & Grey,
2005; McMahon et al., 2017, 2021; McMahon &
Cosmidis, 2021). This range of fabrics persists
throughout the Phanerozoic in various ways.
Examples are: biogenicity of stromatactis (shown
partially in Fig. 4B) and lamination (Bathurst,
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Fig. 1. Examples of modern spongin-bearing sponges. (A) Side view of a modern commercial keratose sponge
(Spongiidae Gray, 1867 cf. Spongia) consisting of only spongin (all soft tissue removed) showing that its form is
maintained by an elastic spongin network. (B) Detail of Spongia sp. (vertical cut) showing hierarchical set of spon-
gin network fibres and a mesoscopic sponge canal system. (C) and (D) Detail of (A) showing spongin network
architecture, with branches and curved form. (E) and (F) Skeletal structure of heteroscleromorph demosponge
Phakellia robusta Bowerbank displaying opaline spicules encased by small amounts of spongin (brownish); Shet-
land, Scotland. Bowerbank collection, Natural History Museum, London, sample, NHMUK 1877.5.21.420.
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1982; Bourque & Gignac, 1983; Bourque & Boul-
vain, 1993; Awramik & Grey, 2005; McMahon
et al., 2021); formation of peloids and pelletoids
(Fig. 3E; Bourque & Gignac, 1983; Macintyre,
1985); significance of the polymud fabric (Lees
& Miller, 1995; Neuweiler et al., 2009); or some
drag marks, Rutgersella and Frutexites (Cloud,
1973; Retallack, 2015; McMahon et al., 2021).
In the last decade, molecular phylogenetic

studies have shed new light on the traditional
taxonomic and phylogenetic framework of
sponges, revealing or confirming several poly-
phyletic groups, establishing new clades, and
constraining respective divergence-time esti-
mates (Erpenbeck et al., 2012; Gazave et al.,
2012; Morrow & C�ardenas, 2015; Schuster et al.,
2018; Kenny et al., 2020), see Fig. 2E. A valu-
able general reference for sponge groups is de
Voogd et al. (2022). Spongin is considered to
have evolved in close association within the
demosponge lineage (Morrow & C�ardenas, 2015).
Sponge spicules may not represent an essential
character of early sponge evolution (Ax, 1996;
Botting & Muir, 2018, for an alternative view),
and were secondarily lost in a multiple and con-
vergent manner (Fig. 2E). Keratose sponges are
distinguished from other aspiculate demo-
sponges (Verongimorpha, some Heteroscleromor-
pha according to Erpenbeck et al., 2012) at the
cellular level in combination with details or
even absence of an elaborate spongin skeleton
(Erpenbeck et al., 2012).
Secure identification of fossil sponges essen-

tially relies on spicules, identified according to
their specific design and arrangement, compris-
ing: form, orientation, assemblage and mineral-
ogy (examples in Figs 1 to 4). Although sponges
may be preserved as silica and pyrite and in
concretions (presumably in low oxygen preser-
vational conditions), of great importance in this
study is preservation via a process called mum-
mification: early calcification (thus lithification)
of structural tissue components with their asso-
ciated sediment, to preserve the shape and orga-
nization sufficient to allow recognition as a
sponge (canal system, preservation of non-rigid
spicular architecture; Fritz, 1958; Bourque &
Gignac, 1983; Reitner & Keupp, 1991; Pisera,
1997; Neuweiler et al., 1999; Reitner &
W€orheide, 2002; Neuweiler et al., 2007, for short
review), see Fig. 3. In other cases, there are
specific secondary calcareous skeletons that
leave a good record, for example, stromato-
poroids, chaetetids, inozoans and sphincto-
zoans, at least one of which (Vaceletia) is

considered a coralline keratose sponge
(W€orheide, 2008). Some sponges leave distinct
ichnofossils (Entobia), that may contain spicule
evidence of their formation (Reitner & Keupp,
1991; Bromley & Sch€onberg, 2008). Biomarkers
might be of additional value (e.g. Love et al.,
2009), but their study requires detailed under-
standing of both history of fluid flow and molec-
ular analogues of possible other origin
(Erpenbeck & van Soest, 2007; Antcliffe et al.,
2014). More recently, the entire biomarker
approach to try to conclude for a sponge-specific
origin was called into question (Nettersheim
et al., 2019; Bobrovskiy et al., 2020). Confus-
ingly, some foraminifera use sponge spicules to
agglutinate their tests (R€utzler & Richardson,
1996; Kamenskaya et al., 2015). Furthermore,
some trace fossils in siliceous spiculites are sur-
rounded by brighter rings of densely packed spi-
cules (Matysik et al., 2018, 2021) that, although
in some cases resemble sponges by having a cen-
tral canal surrounded by a body-like ring, are
interpreted to have been produced due to para-
podial sorting of spicules by the trace-making
organism (Goldring et al., 1991). Such structures
need careful examination to be distinguished
from sponges.
Because of the non-mineral composition of

modern aspiculate sponges (Keratosa and
Verongimorpha) with their complex, hierarchi-
cal assemblage of various collagenous structures
(Manconi et al., 2013, 2022; Stocchino et al.,
2021), potential for their preservation as fossils
is highly problematic. Body shape stability of
keratose sponges (Fig. 1A and B) primarily relies
on fibrillar to amorphous collagen as a key com-
ponent of their extracellular collagenous matrix
(ECM; in support of cellular cohesion; Manconi
et al., 2022), that at microscale to mesoscale is
combined with a highly elastic and elaborate
organic skeleton composed of the non-fibrillar
(commonly filamentous) collagen spongin, in
support of shape-sustaining growth (Junqua
et al., 1974; Garrone, 1978; Exposito et al., 1991;
Erpenbeck et al., 2012; Manconi et al., 2013,
2022; Ehrlich et al., 2018; Ehrlich, 2019).
Indeed, the fossil record of non-spiculate
sponges was described by Reitner & W€orheide
(2002) as being poor, noting that vauxiid
sponges of the middle Cambrian Burgess Shale
are the best examples (Fig. 5E and F), in low-
oxygen preservation, contrasting the oxygenated
environments of proposed keratose sponges con-
sidered in this study. However, Ehrlich et al.
(2013) revealed that those vauxiid sponges
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contain chitin (as fungi, other sponges and a
number of invertebrates do), but spongin was
not detected. Fan et al. (2021) classified aspicu-
late vauxiid sponges in the Chengjiang biota
(early Cambrian) as keratose sponges, preserved
in partly silicified form. Complexity in phy-
logeny of early Cambrian sponges was shown by
Botting et al. (2013), regarding both spiculate
and aspiculate taxa.
Apart from vauxiids noted above, literature

search revealed no verified cases of potential
candidates of fossil keratose sponges in the
entire rock record. Important in modern spicu-
late sponges are variable amounts of non-
spicular material in proportion to spicule con-
tent. Thus, detailed features of sponges with
and without spicules are needed. Figure 2A
and B show details of a modern heterosclero-
morph spiculate demosponge representing the
common occurrence of tightly connected opa-
line spicules and mesoscopic spongin fibres
known for many decades (Axinellidae, Carter,
1875), yet there is no proof of a respective fos-
sil in thin section representing such a distinct
composite skeletal architecture, noting that Bot-
ting et al. (2013) illustrated orientated spicules
in sponge masses presumed to have been
embedded in spongin that is not directly
observed. Singular claims for fossil Axinellidae
are unconfirmed (Reitner & W€orheide, 2002, fig.
9, which may instead be spicule-preserving
Entobia). Also, modern keratose sponges may
comprise conspicuous primary fibres of spongin
up to 250 lm thick and distinctively cored by
sand grains (Irciniidae, Gray, 1867; see also
Manconi et al., 2013, 2022) (Fig. 2C and D)
but, again, there is no respective fossil record.
For further comparison, Figs 3F to H and 5A to
D demonstrate carbonate fabrics typical of pre-
served spicule-bearing sponges, but to the best

of the authors’ knowledge, there are no exam-
ples in carbonate rocks of fossil spiculate
demosponges with a proven spongin compo-
nent (presumed lost in decay and diagenesis).
Such details are important for understanding of
how sponges might be preserved (Pisera, 2004,
for short review), and comparisons between
these and fossil cases are made later in this
paper. Nevertheless Botting’s (2005) description
of sponges in volcanogenic sandstones of the
Middle Ordovician Llandegley lagerst€atte inter-
preted silicified spongin to maintain the sponge
fossil coherence, evidence that spongin preser-
vation is possible, but not yet verified for car-
bonates. Criteria for distinguishing, for
example, carbonate microfabrics attributed to
sponges from microbial deposits in ancient car-
bonates (Wallace et al., 2014; Shen & Neuwei-
ler, 2018) are among possible interpretations
explored in this study.

MATERIAL AND METHODS

Samples from several stratigraphic intervals, of
authors’ own collections and museum material,
are used to assess interpretations of keratose
sponges. Authors’ material comes from: Cam-
brian and Ordovician of North China; Cambro-
Ordovician of Nevada and Utah (USA); Silurian
of Canada and south China; Devonian of Bel-
gium; Vis�ean of Boulonnais region (France);
Triassic of the Upper Silesian region (Poland)
including some original samples from Triassic
localities from Poland and Israel used by Szulc
(1997) and Luo & Reitner (2014, 2016); and Cre-
taceous of Spain. Examination was made of the
original spongiostromate material (Vis�e Group,
Namur region) of G€urich (1906) stored at the
Royal Belgian Institute of Natural Sciences

Fig. 2. Examples of two modern sponges demonstrating more diversity of sponge architecture. (A) and (B)
Heteroscleromorph demosponge Axinella verrucosa Esper, from the Adriatic Sea, showing similar amounts of
spongin (yellow arrow) and opaline spicules (orange arrow). Spicules are embedded within, or echinate off, the
spongin. Bowerbank collection, Natural History Museum, London, sample NHMUK 1877.5.21.1239. (C) and (D)
Microtome sections of keratose sponge Ircinia (Joulters Cay, The Bahamas) showing a specific kind of mesoscopic
spongin (with pith and bark; yellow arrow) locally containing agglutinated sedimentary particles (red arrow in D).
Soft tissue organization (mesohyl, orange arrow) with canal system (blue arrow). Purple arrow in (D) refers to
choanocyte chambers. If the spongin component is to be fossilized, then it may be expected that fossil sponges
comprising spongin with skeletal (A and B) or agglutinated particles (C and D) should show both components,
but this has not yet been demonstrated. (E) Summary of the evolutionary history of sponges (compiled from
Schuster et al., 2018; Kenny et al., 2020), drawing attention to major events of taxa in scope and the multiple
(convergent) loss of opaline spicules within demosponges (aspiculate sponges, including Keratosa).
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Fig. 3. Examples of fossil sponge mummies. (A) to (E) Malumispongium [hexactinellid, non-rigid (lyssacine)
spicule-poor]; Lower Silurian La Vieille Formation, Gasp�e Peninsula, Canada (Bourque & Gignac, 1983). (A) Sev-
eral Malumispongium (red arrows; note modern encrusting barnacles on coastal outcrop). (B) Polished slab of
Malumispongium preserving structural tissue components [canal system, osculum (o)]. (C) Detail of (B) displaying
dark, gravity-defying automicrite (M1), dark-grey geopetal allomicrite M2 deposited in sponge canals and final
matrix of argillaceous silty limestone (M3). (D) Transverse thin section of Malumispongium with canal system and
central osculum (o). (E) Enlargement of (D) showing sharp-edged distinction between M1 and M3. M1 (automi-
crite) displays pelletoidal (authigenic) microfabric locally preserving calcite-cemented moulds of opaline spicules.
(F) and (G) Mummified hexactinellid with rigid (lychniscose) skeleton, Cretaceous (Albian), Soba Valley, northern
Spain. (F) Thin-section of sponge body. (G) Detail of (F) with local automicrite production confined to sponge,
contrasting argillaceous sedimentary host, thus mummified on the ancient sea-floor. (H) For comparison, non-
mummified fragment of hexactinellid lacking distinction between sedimentary host and intraskeletal matrix (Dali-
chai Formation, Bajocian–Callovian (Jurassic), Alborz Mountains, northern Iran); image from Andrej Pisera.
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(Brussels) and a selection of modern spiculate
and non-spiculate sponges illustrated by Bower-
bank (1862) stored at the Natural History
Museum London (UK). The New York State
Museum (Albany, USA) provided access to
original samples (Goldring, 1938) of Cryptozo€on
stromatolites from its type locality (Hoyt Lime-
stone of the Little Falls Formation, Cambrian)
in reference to keratose sponge interpretations
presented by Lee & Riding (2021a,b). Polished
rock samples and thin sections were studied
under plane-polarized (PPL) and cross-

polarized (XPL) light, supplemented with
selected cathodoluminescence (CL) and ultra-
violet (UV) fluorescence views. For histological
microtome sections (Ircinia, The Bahamas), the
methods and sampling site of Neuweiler et al.
(2007) apply.
Carbonate terminology is an area of complex-

ity because of the ease with which precipitated
and cemented calcium carbonate can be dis-
solved and recrystallized, so that the sizes of
crystals within deposited and recrystallized car-
bonate overlaps the sizes of precipitated cement

Fig. 4. (A) and (B) Partially mummified lithistid demosponge, Cretaceous (Albian), Soba Valley, northern Spain.
(A) Transverse thin-section shows incomplete mummification (= pelletoidal automicrite) enclosing the desmata–
spicular architecture labelled as M1 in (B), remnants of canal system and centripetally-orientated borings into the
sponge, indicating sea-floor exposure of mummy. (B) Enlargement of red box in (A) showing structural-textural
complexity of mummification, in contrast to the homogenous micrite observed in interpreted fossil keratose
sponges. M1: calcite-cemented moulds of desmata enclosed by pelletoidal automicrite; M2: infiltrated sediment
represents the canal system (c). Where neither mummification nor sediment infiltration occurred, dissolution of
opaline skeleton produced secondary cavities (sc) subsequently infiltrated by M3 (slightly darker grey than M2,
with ostracods and small intraclasts). M3 also occluded borings of irregular outline cross-cutting M1. (C) Dupli-
cated image of interpreted Late Ordovician keratose sponge from Lee & Riding (2021a, fig. 8C), demonstrating
homogenous micrite infill between network sparite, contrasting mummified sponge tissue in (B). Reproduced
under Creative Commons licence (http://creativecommons.org/licenses/by/4.0/). See text for discussion.
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Fig. 5. Palaeozoic sponges as observed in thin section (A) to (D) and as surface relief (E) and (F); Vauxia. (A) to
(D) Lithistid calcified spiculate sponges showing rectilinear network structure. (A) The sponge forms a discrete
object in the upper right half, locations of (B) to (D) are indicated. (B) and (C) Details of transverse (B) and vertical
(C) sections of spiculate structure, noting spicules are preserved as calcite-cemented moulds. (D) Detail of sponge
margin showing sharp cortical contact (arrow) with surrounding matrix sediment. Church Reef, Filimore Forma-
tion, L. Ordovician, Utah. (E) and (F) Aspiculate fossil sponge Vauxia gracilenta Walcott, 1920 from the Burgess
Shale, regarded as one of the best examples of fossil aspiculate, possibly keratose sponges, see Walcott (1917).
Specimen NHMUK PI S3071 in the Natural History Museum, London.
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Fig. 6. Stromatolite samples from material proposed by Szulc (1997) to contain sponges; compare with Figs 7 and
8. (A) and (B) Vertical sections showing interlayered sediment in which porous fabrics (yellow arrow) were con-
sidered as sponge by Szulc. (C) and (D) Vertical thin section views of interlayered sediment in (A) and (B), show-
ing organized porosity as subvertical voids. (E) and (F) Detail of one of numerous pores showing partial infill with
dolomicrite (yellow arrow); the irregular infills are in local continuity with enclosing host rock, implying
dissolution-enhanced primary porosity and thus not consistent with interpretation as permineralized sponge.
From collections of Joachim Szulc; boundary between Diplora Beds and overlying Tarnowice Beds, Muschelkalk,
Middle Triassic, Libiaz _z Quarry, Upper Silesia, Poland. The sample illustrated here is one used by Szulc (1997).
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Fig. 7. More stromatolite samples from material studied by Szulc (1997) in his proposal that they contain
sponges. Compare with Fig. 6 and Luo & Reitner (2014, 2016) to appreciate the range of vermiform fabrics present
in these deposits. Such microfabrics conventionally are ascribed to spongiostromata locally containing vugs and
fenestrae. (E) Note distinct biolamination defined by subhorizontal to subvertical textures.
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crystals (Folk, 1965; Bathurst, 1975; Fl€ugel,
2004). Thus the term ‘microcrystalline’ is
applied to both deposited sediment and cement
in appropriate places in this paper. In this
study, carbonate materials are considered in two
forms:

1 Areas of light-coloured crystalline carbonate
clearly visible under light microscopy, compris-
ing both precipitated cement and recrystallized
former fabrics in different samples. Some is
sparite (>62 microns, Folk, 1965), generally con-
sidered to be pore-filling cement, but much of it
is smaller, then representing microsparite,
applied to both small-scale pore-filling cements
and recrystallized micrite (also compare Mun-
necke et al., 1997, and Fl€ugel, 2004, p. 94–95).
2 Between light-coloured cements is darker-

coloured, finer-grained carbonate comprising a
mixture (using the size definitions of Folk, 1965)
of micrite (<4 microns), microspar (4–30
microns) and pseudospar (>30 microns), the lat-
ter two being recrystallized sediment, not pore-
filling cement. This material commonly forms a
homogenous texture, consistent with sediment
fill. In some cases, such material may show clot-
ted to granular–pelletoidal fabrics (i.e. grains are
distinguishable in contrast to clotted, where
grains merge) consistent with a fine-crystalline
component precipitated at or near the sea-floor
(automicrite).

RESULTS

From thin sections of primary material and in lit-
erature, this study recognizes five broad fabric
categories of structures that have been interpreted
as fossil keratose sponge, differing in context,
architecture and microstructure. These five cate-
gories encompass layered, network, amalga-
mated, granular and variegated fabrics, with some
overlap; thus some examples fit into more than
one category. In some cases reported in literature,
the fabrics occur within shells but not in matrix
surrounding shells (Park et al., 2017, fig. 3) or
occur in discrete patches in micrite and may have
been burrows (Park et al., 2015, fig. 4D); these two
cases may reflect re-burrowing of organic-rich
sediment encased in pre-existing burrows and
shells. Many other examples occur within early-
formed cavities in early-lithified limestone (Lee
et al., 2014). In addition to published two-
dimensional thin section studies is work by Luo
& Reitner (2014) and Luo et al. (2022) that

provides preliminary three-dimensional recon-
structions at microscopic scale. These limited
studies are an important step forward and future
work (3D at mesoscopic scale) may help to
resolve the nature of the five categories consid-
ered here. Thin sections made thicker than nor-
mal also give an indication of 3D structure but are
limited in value.
In the following sections (see Figs 6 to 20),

according to the ideas of keratose sponge inter-
pretation, curved and irregular microsparite to
sparite patches represent the position of original
spongin structures and the microcrystalline infill
represents location of other prior sponge soft tis-
sue. Clearly, of great importance is to explain
how: (i) keratosan sponges could be preserved
through biostratinomic and diagenetic processes
that began with an elaborate organic skeleton
made of spongin enveloped by a canal-bearing
soft tissue and ended with microsparitic to
sparitic calcite in a microcrystalline groundmass
comprising these fabrics; and (ii) if spongin
components are present in fossils, why are they
not visible along with spicule remains in spicu-
late demosponges in at least some cases (cf.
Fig. 2A and B)?

Layered fabrics

In Triassic stromatolites regarded by Szulc
(1997) as containing sponges (Figs 6 to 9), the
structure forms faint to prominent micrite layers
containing porous network fabrics. Luo & Reit-
ner (2014) used material from the same hori-
zons; differences between images presented in
Figs 6 to 9 and in Luo & Reitner (2014) demon-
strate the variability of these microstructures.
Layers in these materials broadly match the con-
cept of spongiostromates, introduced by G€urich
(1906) to convey their open architecture and lay-
ered bioaccretionary character (Figs 8 and 9).
The spongiostromate microstructure is a microp-
orous fabric of likely microbiotic accretion, gen-
erally blurred, grumelous (i.e. broadly clotted,
see Bathurst, 1975, p. 511) to peloidal, at best
faintly tubular to cellular/vesicular. This is in
opposition to porostromate microstructures that
display well-defined micro-organismic outlines
preserved in growth position (Monty, 1981; for
comparison, see Turner et al., 2000; Fl€ugel,
2004, p. 122). In this context, layers comprise
micrite normally enclosing somewhat irregular
areas of sparite (Figs 8 and 9), although some
have open pores and others with micrite in the
pores (for example, Fig. 6F); the micrite may
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Fig. 8. Vertical thin sections from a Triassic stromatolitic horizon, containing vermicular structures. (A) and (B)
General views of prominent layered structure and locations of (C) to (E). (C) and (D) plane-polarized light (PPL)
(C) and cross-polarized light (XPL) (D) views of vermicular structure within stromatolite layers, showing sparite
cement in the light areas. (E) and (F) Cathodoluminescence view of (C) and (D), with enlargement in (F), showing
sequence of dull to no luminescence in sparite areas (arrow), while micrite areas contain a mixture of bright and
dull luminescence. Note that edges of the micrite against sparite show a higher degree of brighter luminescence.
This pattern is interpreted to indicate that sparite areas were vacated and infilled with cements, thus showing dif-
ference in diagenetic history from the micrite. From collections of Joachim Szulc, sampled by him from the Ladi-
nian (late Middle Triassic), Negev area, Israel.
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also include small bioclasts. Spongiostromate
structures present a problem of interpretation
because they have a spongy-looking fabric, in
the common-English understanding of the term
sponge, but without indication of a biological
sponge nature, noting that G€urich’s (1906) work
did not infer sponges. However, Lee & Riding
(2022) interpreted one spongiostromate fabric as
a keratose sponge. The oldest known spon-
giostromate structures, forming part of oncoids,
are Palaeoproterozoic (Schaefer et al., 2001;
Gutzmer et al., 2002). Examples of
spongiostromate-style fabrics interpreted to be
keratose sponges may be seen in Luo & Reitner
(2014, 2016), Pei et al. (2021a,b) and Lee & Rid-
ing (2021a,b, 2022). The present study includes
Cambrian Cryptozo€on samples (Fig. 10), that
also show a spongiostromate character. Stock &
Sandberg (2019) interpreted layered fabrics of
spongiostromate form as sponges, in Devonian–
Carboniferous boundary facies in Utah, but their
photographs are insufficiently detailed to show
structure clearly.
Layered fabrics may also show characters of

fenestral-bird’s eye fabrics, normally occurring
in intertidal carbonate facies where degassing
occurs in sediments exposed at the surface or in
very shallow water (e.g. Tucker & Wright, 1990).
They represent fabric-selective primary porosi-
ties with original voids commonly larger than
the mean grain diameter. Sizes of pores in these
fabrics are normally considered to be 1 to 3 mm,
but network structures interpreted as keratose
sponges are not larger than 0.1 mm (Luo & Reit-
ner, 2014), so there is an apparent scale differ-
ence. However, Figs 6C, 6D and 7 show ranges
of cavity sizes within the same layers, ranging
from 0.1 to 3.0 mm. Those images are inter-
preted here to indicate that such porous layered
fabrics may be small enough to overlap with the
sizes of interpreted keratose sponge networks.
Thus, laminae and sheets containing fabrics that
may be reasonably described as fenestral, in Tri-
assic (Anisian) microbialites/stromatolites, were
considered to be keratose sponges by Luo & Reit-
ner (2014, 2016). In a subsequent step, the inter-
pretation was developed to propose a
distinction between a stromatolite and a sponge-
microbial ‘consortium’ called keratolite by Lee &
Riding (2021a). Conventionally, such structures
are understood to form via the entrapment of
gas bubbles, anhydrite precipitation and desicca-
tion, frequently in combination with dissolution
and subsequent compaction in supratidal to
intertidal (microbial) environments (Shinn,

1968). More recently, Bourillot et al. (2020) pro-
vided more details and a number of distinguish-
ing parameters indicating that these porous
microbialites/stromatolites may form laminated–
micritic to laminated–peloidal microfabrics.
Layered fabrics shown in Figs 8 and 9 compare

plane light views with CL in paired images; CL
views show cement stratigraphy in the sparite,
indicating void filling by a sequence of cement
precipitation. CL views show variation in cement
history, with bright and dull luminescent
cements occurring at different stages. Commonly,
bright cement is interpreted as early burial low-
oxygen conditions where bacterial sulphate
reduction (BSR) removes iron from porewaters,
precipitated as pyrite, so that manganese causes
bright luminescence; later, below the BSR zone,
iron is added to quench the CL resulting in dull
images (Scoffin, 1987). This sequence can be
envisaged in Fig. 8F, although Fig. 9 shows a dif-
ferent sequence. Whatever the explanation of
cementation history, it is difficult to visualize
such structures as having resulted from permin-
eralization of sponge tissues because they are
composed of pore-filling cement.

Network fabrics

Networks comprise narrow areas of sparite sur-
rounded by micrite as two broad types: (i) recti-
linear networks of mostly criss-crossing straight
lines of sparite with nodes (Figs 3G and H, 5A
to D), reasonably interpreted as spiculate
sponges; and (ii) curved networks of uncertain
origin comprising convoluted areas of sparite
vary from having equal thickness and sinusoidal
form/shape to being more irregular. Both net-
work types in thin section presumably exist as a
three-dimensional (3D) network (e.g. Luo & Reit-
ner, 2014, their 3D reconstruction). Rectilinear
and curved networks in some cases resemble
opaline spicule networks known from well-
preserved Palaeozoic heteroscleromorph sponges
with rigid skeleton (lithistids; Fig. 5A to D and
possibly Fig. 11A to D). Curved networks are
illustrated in Neoproterozoic (Fig. 13E and F,
reproduced from Turner, 2021), Cambrian and
Ordovician facies (for example, Fig. 4C, repro-
duced from Lee & Riding, 2021a; see also Lee &
Hong, 2019) and Permian–Triassic boundary
microbialites (Brayard et al., 2011; Friesenbich-
ler et al., 2018; Baud et al., 2021; Wu et al.,
2021). Network fabrics in micrite inside articu-
lated shells, embedded in micritic matrix lack-
ing the networks, were interpreted by Park et al.
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(2017, fig. 3) as spicule networks. Figure 12
shows examples of curved networks and micro-
bial structures within microbialites directly after
the end-Permian extinction; Fig. 12F shows two
stages of micritic structure in those microbialites
that are altogether incompatible with a sponge
interpretation. Figures 13A to D and 14 explore
more variations in Triassic curved networks
using both plane light and CL, showing the vari-
ation in diagenetic history between the sparite
areas and micrite areas. In particular, curved
networks may grade into peloidal and amalga-
mated fabrics described below. Whether the
presence of a clear boundary (for example,
Fig. 18) defining network margins is an indicator
that these structures are sponges or not, is con-
sidered in the Discussion.

Amalgamated fabrics

Amalgamated structures comprise patches of
micrite, which in some cases show vague indi-
viduality merged together with intervening
spaces occupied by sparite (Fig. 9, which also
shows layers, visible in Fig. 9A and B; see also
Fig. 16A); samples viewed with CL in Fig. 9
show different cements in the sparite areas com-
pared with the micritic areas, thus indicating
voids filled with cement. They overlap with the
concept of clotted micrites, but clotting implies
a process of sedimentary material sticking
together, which may or may not be appropriate,
so are called amalgamated here. It is also possi-
ble that clotted fabrics may result from diage-
netic change. Amalgamated fabrics have been
described as keratose sponges by Lee et al.
(2014) and Park et al. (2017, fig. 3), and dis-
cussed by Kershaw et al. (2021a) in comparison
with possible sponges.

Granular fabrics

These comprise dark-coloured micritic objects
with irregular areas of light-coloured cement in

spaces between objects (Fig. 15). The former
may be peloids and commonly occur in cavities
forming geopetals (Fig. 16, but compare with
Figs 17, 19 and 20 considered in the Discus-
sion). In many cases similar to Figs 16A and
17A to C attributed by authors to keratose
sponges (e.g. Park et al., 2017, fig. 3E, F; Lee &
Hong, 2019, fig. 2), granular fabric grades down-
ward into amalgamated fabric, indicating fabric
evolution from particulate to amalgamated
downward with increased packing density.
Because disaggregation of peloids into more dif-
fuse masses of micrite is a common phe-
nomenon, careful observation of intergranular
and shelter porosity (thickness variation, grain-
supported texture, sagging and dragging along
pore walls) holds the key for discrimination of
an essentially physical (abiotic) origin.

Variegated spar fabrics

This is a separate category of sparite within
micrite masses organized differently from the
networks described above (Fig. 18). Variegated
structures comprise an outer portion of short
lines of sparite that curve round to form outer
limits of a discrete structure, the inner portion
is similar to network forms described above.
Examples are in Luo & Reitner (2014, fig. 2f),
Park et al. (2015, fig. 5D; 2017, fig. 5C), Friesen-
bichler et al. (2018, fig. 10B) and Lee et al.
(2021, fig. 6D). Variegated structures seem to
occur mostly in cryptic positions, although the
case illustrated by Friesenbichler et al. (2018,
fig. 10B) is in open space between microbialite
branches.

DISCUSSION

In this study of a variety of shallow-marine car-
bonate microfabrics interpreted altogether as ker-
atose sponges, four principal items need
discussion: (i) verification of keratose sponge

Fig. 9. Vertical and transverse sections from a Triassic stromatolitic horizon, containing vermicular structures.
(A) and (B) plane-polarized light (PPL) (A) and cathodoluminescence (CL) (B) views of prominent vermicular
structure in stromatolite. (C) and (D) Detail of structure from an adjacent area of thin section to (A) and (B). (E)
Detail of another area of this sample at greater enlargement. (F) and (H) Transverse sections in PPL (F) and (G)
and CL (H), demonstrating difference from vertical section views in (A) to (E), so the structure is not uniform in
three dimensions. Images in this figure demonstrate differences in CL response between sparite and micrite areas,
indicating their diagenetic histories do not coincide. From collections of Joachim Szulc, sampled by him from the
Ladinian (late Middle Triassic), Negev area, Israel.
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affinity; (ii) alternatives to sponges; (iii) potential
pitfalls of reporting; and (iv) the impact on under-
standing of ancient ecosystems. One prominent
difficulty in assessing published illustrations is
the low resolution of images, and common use of
microscope sections that are thicker than normal
and thus lack clarity.

Verification of keratose sponge affinity

The wide variety of fabrics attributed to keratose
sponges in the ancient record suffers from lack
of verification, and in an early Neoproterozoic
example (Turner, 2021; Fig. 13E and F), the age
significantly pre-dates the expected appearance
of its parent taxon, namely spongin-bearing
demosponges (Fig. 2E). In Turner’s (2021) study
no mesoscopic body fossil with its overall shape
and organization (architecture) that might help
to determine its nature, is reported; and at the
microscopic scale, there is a problem because no
sponge-specific attribute such as the canal sys-
tem (Aragon�es Suarez & Leys, 2022) is pre-
served, although the enclosing microcrystalline
phase is interpreted to represent automicrite
resulting from mummification (Luo & Reitner,
2014, 2016). However, automicrite is not nor-
mally seen in published interpretations of ker-
atose sponges (for examples, see Figs 4C, 13E
and 13F). Thus, the preservation of the pur-
ported spongin skeleton requires understanding
of a diagenetic pathway that seems to have no
equivalent in the rock record.
Overall, claims for fossil keratose sponges in

ancient carbonates require both proper identifi-
cation of sponge structure and an exceptional
preservation mechanism. Indeed, relatively
decay-resistant structural tissue components
such as parts of the extracellular collagenous

matrix (ECM), mesoscopic strands and networks
of spongin, the various forms of chitin (a, b, c)
and cellulose might get physically preserved or
mimicked via permineralization or via (geo-)
polymerization (Gupta & Briggs, 2011). For the
claim of keratose sponges in carbonates, permin-
eralization (mummy-style preservation or spon-
gin calcification) is considered a prerequisite in
order to eventually preserve in 3D a largely
uncompressed mesoscopic network of inter-
preted former spongin. Otherwise, if only the
spongin skeleton is polymerized, the result
should be severe physical compaction only
episodically preserving exceptional details, as in
Burgess-style preservation of sponges with
tissue-related residues of organic carbon and in
some cases pyrite (Conway Morris & Whitting-
ton, 1985; Butterfield & Nicholas, 1996; Ehrlich
et al., 2013; Yang et al., 2017; Fan et al., 2021;
Botting et al., 2022). The issue of canals in pos-
sible keratose sponges was addressed by Luo
et al. (2022, fig. 5), with potential canals
revealed through serial grinding, but more com-
plete investigation is needed to prove that these
structures are canals (see Table 1).

Sponge mummies, indirect representation of a
former spongin skeleton
For a keratose sponge to permineralize in
mummy-style, a body fossil should be produced
that mimics (at least in part) exceptional details
of the former organism via precipitation of
microcrystalline carbonate (automicrite) at or
near the sea-floor. Froget (1976, on lithistids) fol-
lowed by Brachert et al. (1987, on hexactinel-
lids) provided examples of Pleistocene to
Holocene permineralized (calcified) siliceous
sponges. In addition, these authors observed in
some detail the concurrent onset of diagenetic

Fig. 10. Cryptozo€on stromatolites of Lester Park Saratoga Springs, Hoyt Limestone, late Cambrian, New York
(Goldring, 1938). (A) Field view of transverse sections of Cryptozo€on from Lester Park, showing concentric lami-
nae indicating domal form; lens cap 52 mm diameter. Photograph taken by Lisa Amati. (B) Hand specimen verti-
cal section of Cryptozo€on showing hemispheroidal to cabbage-like accretion; details of layering shown in (C) to
(G). (C) to (G) Thin section views of variation of Cryptozo€on proliferum Hall (hypotype, Goldring, 1938). Microfab-
rics in different layers of Cryptozo€on structure including pelletoidal–cement–microspar (C), vertical–filamentous
(D), and variations in vermiform structure (E) to (G). Microspar represents a replacement locally preserving some
ghost structures of its host protruding upward (E) and (F); cement-filled sheet crack shown partly in the centre of
(G). The nature of biolamination is illustrated in alternation of porostromate intervals [vertically oriented fila-
ments (D)] with sets of spongiostromate texture. (A) NYSM_E 1527; (B) Unregistered hand specimen in New York
State Museum (NYSM); (C) and (F) NYSM-6503; (D), (E) and (G) NYSM-6505. Friedman (2000) emphasized that
the structure of Cryptozo€on comprises alternating layers of calcite and dolomite, but in a preliminary X-ray
diffraction (XRD) test, in Laval University, of NYSM-6503 illustrated in (C) and (F) showed only calcite present.
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alteration of the opaline spicules (dissolution,
initial cementation). Reitner (1993, p. 26 and Pl.
4/4) illustrated how a living non-rigid demo-
sponge might preserve its original spicular
architecture within automicrite. Neuweiler et al.
(2007) observed an intimate connection of mum-
mification with calcifying organic colloids
adsorbed onto and into relatively decay-resistant
parts of a former ECM during partial death cor-
roborated by sponge bleaching. This involves
dismantling and dissolution of fibrillar to amor-
phous collagenous matter in association with
exudates of freshly-produced fluorescent dis-
solved organic matter (FDOM; Neuweiler & Bur-
dige, 2005). In the Neuweiler et al. (2007)
model, the dismantling of fibrillar collagen pro-
duces a nanoporous scaffold for calcification in
function of surface area, sorption and
capillarity-driven uptake of mineralizing fluids.
Whatever the details are, mummified sponges
represent distinct body fossils with well-defined
outer boundaries towards their enclosing sedi-
ment, presumably mirroring the physical speci-
fics of an encountered sponge ectosomal tissue.
Permineralizing modern sponges, except for

being a curiosity, typically are very rich in fibril-
lar collagen giving them a firm–leathery (for
example, the spiculate Spheciospongia, Wieden-
mayer, 1978) to even cartilaginous consistency
(for example, the reportedly petrifying verongi-
morph Chondrosia, G€othel, 1992). Nevertheless,
it remains questionable whether this small
group of extant sponges is representative of fos-
sil sponge mummies (Neuweiler et al., 2007, for
short review). For a number of sponge mum-
mies, there is a problem of sheer volume, that is
the amount of ECM (extracellular collagenous
matrix) present in modern sponges does not nec-
essarily match the larger amount of automicrite
observed. Malumispongium (Bourque & Gignac,
1983; Neuweiler et al., 2007) might serve as an
extreme example (Fig. 3A to E). Therefore,

unresolved microbial–organochemical reactions
might be involved, and even dissolved pore-
water silica might play a role if opaline spicules
were originally abundant (Lakshtanov & Stipp,
2010).
Overall, if the fine-grained portions of any

microfabric proposed to represent an indirect
model of a former mesoscopic spongin skeleton
was preserved via mummification, then its trans-
formation must have produced a distinct body
fossil within an already consolidated to indu-
rated structure, simply to prevent compression
of a highly elastic organic skeleton (see Jesio-
nowski et al., 2018, fig. 10). The light-coloured
network structures illustrated in Luo & Reitner
(2014, 2016), Lee & Riding (2021a,b) and Turner
(2021), in concert with the results herein, do not
show compression. This might be the reason
why the keratose sponge interpretation calls for
the presence of automicrite via mummification
(Luo & Reitner, 2014, 2016), but there is no sup-
porting petrographic or geochemical evidence for
automicrite in those published cases. Such evi-
dence might include: gravity-defying, secondary
(stromatactoid) voids, fragmentation, local col-
lapse, extractable fluorescence, intracrystalline
organic compounds of low molecular weight,
and eventually specific rare earth element (REE-)
patterns indicating the role of natural organic
matter (NOM; see Pourret et al., 2007); altogether
pointing to natural humification processes acting
in concert with the formation of sponge-related
automicrite (Neuweiler et al., 1999, 2000, 2001,
2003, 2007, 2009; see also James & Jones, 2015,
p. 28).

Discrete preservation of a spongin skeleton
Because spongin that forms the mesoscopic
skeleton of keratose sponges is a non-fibrillar
collagen (Garrone, 1978; Exposito et al., 1991),
during decay, no dismantling and respective
sorptive attributes (aspects of mummification)

Fig. 11. (A) to (D) Vertical sections of matrix between stromatolite columns (not shown), containing a fragment of
a possible keratose sponge in matrix, although this is instead possibly a lithistid. (A) Whole thin section partly
stained with ARS-KFeCN, showing mottled fabric and location of (B). (B) The possible sponge forms a defined
patch and shows curved network of sparite-filled voids embedded in micrite. (C) and (D) Details of (B) (D is a
detail of the centre of C) showing sparitic nature of the network preserved as red-stained (non-ferroan) calcite. (A)
to (D) from Chalk Knolls, Notch Peak Formation, upper Cambrian, Utah. (E) Curved network of sparite in micrite,
but with a diffuse margin; a crinoid columnal (arrow) prominent in right hand part, outside the network. The net-
work area may be a sponge, but its diffuse margin presents a problem of interpretation (Kershaw et al., 2021a).
Huashitou reef, Ningqiang Formation, Telychian (lower Silurian), Guangyuan, northern Sichuan, China; specimen
donated by Yue Li.

� 2022 International Association of Sedimentologists., Sedimentology, 70, 927–969

Keratose sponges in ancient carbonates 947

 13653091, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13059 by M

ount H
olyoke C

ollege Library, W
iley O

nline Library on [02/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



are expected to occur. Thus, the mesoscopic
spongin skeleton appears not prone to perminer-
alize. This issue appears significant because
claims for fossil keratose sponges involve state-
ments that spongin was replaced by calcite or

calcified (Reitner et al., 2001). Another option is
mineral coating, that is mineral precipitation
and growth at and from the spongin surface, but
there are no cases reported for the rock record,
and little information comes from modern
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keratose sponges (see Towe & R€utzler, 1968,
who described iron oxide granules embedded in
spongin). Szatkowski et al. (2018), working in
the field of biomimetics (the branch of science
that explores use of natural materials to solve
human problems) showed that it is possible to
experimentally coat spongin fibres with mineral
(in their case it was MnO2). The Szatkowski
et al. (2018) study is a parallel to the idea that,
in carbonate environments, spongin of keratose
sponges may be useable as a substrate for min-
eral overgrowth, that might preserve the shape
of the spongin network in diagenesis. In carbon-
ates, if the network represents a sponge, then
the spongin network is represented as calcite,
but it would not be possible to know whether
this is due to calcification of the spongin struc-
ture (a process that has not been demonstrated
diagenetically) or is due to cement infilling of
the mouldic space left when the spongin protein
decayed. The key point is that there is no evi-
dence of mineral overgrowth in structures of
possible keratose sponges; thus it is not cur-
rently possible to determine if mineral over-
growth could preserve the form of the spongin
skeleton.
Cathodoluminescence images presented in

Figs 8, 9 and 13 to 15 largely show that sparite
areas have different cements from the micrite; in
some cases (for example, Figs 8F, 9 and 14)
there are zoned cements in sparite that indicate
early porosity and permeability, so this seems to
preclude any mineralization process related to
the spongin itself, at least for these samples.
Even in Fig. 13A to D, where the distinction
between the micrite and sparite areas in CL is
minimal, parts of the sparite show different CL

response from the micrite. Thus, in the cases
illustrated in this paper, there is no obvious
basis for any kind of mineralization of the spon-
gin itself to explain the sparitic areas. It is easier
to attribute CL responses to early cementation of
porosity; this does not necessarily deny a
sponge affinity in other cases but would leave
mummification as the only option left to explain
preservation of keratose sponges in carbonate
rocks. However, as explained earlier, for this
option, there is no supporting petrographic–geo-
chemical evidence. Last, but not least, abundant
modern demosponges containing opaline spi-
cules attached to prominent strands of spongin
(Axinellidae, Fig. 2A and B) should, as fossils,
show both spar-cemented spicule moulds
together with their associated moulds of spon-
gin. No published report of such an intimate
relationship preserved in carbonate rock thin-
section was found in the literature or in any
material studied during this investigation.
A significant issue is recognition of a canal

system specific to sponges (Figs 1A, 1B, 2C, 2D,
3 and 4). If sponge mummies are present, a
canal system with cortical distinction might be
preserved in detail even in the absence of a spic-
ular skeleton (Fig. 3A to E; Bourque & Gignac,
1983; Neuweiler et al., 2007, fig. 1A, B).
Recently, Aragon�es Suarez & Leys (2022) pro-
posed a model for fossil sponge recognition
based on the presence of a canal system. How-
ever, there are no verified canals in all the fossil
examples illustrated here and in publications
interpreting keratose sponges examined in this
study. Neuweiler et al. (2009) denied the pres-
ence of sponges in early Neoproterozoic poly-
muds because of the lack of any signs of a

Fig. 12. Examples of curved network fabrics in Permian–Triassic boundary microbialites from south China. (A)
hand specimen and (B) thin section of microbialite a few centimetres above the end-Permian mass extinction hori-
zon, showing recrystallized microbial calcite (lobate pale areas in B) with intervening micrite. (C) and (D) Enlarge-
ments of box in (B) showing curved, distinct to diffuse sparitic areas (arrow) in the micrite (containing abundant
microdolomite), similar material to that interpreted as keratose sponge by Baud et al. (2021) and Wu et al. (2021).
Permian–Triassic boundary interval, Baizhuyuan site, Huaying Mountains, Sichuan, China. (E) Another sample of
microbialite after end-Permian extinction, with curved sparite patches as in (A) to (D), but in this case the sparite
may be recrystallized bioclasts. This image also shows lobate areas of light-coloured sparite (yellow arrows), that
are the calcimicrobe frame which constructed the microbialite (Kershaw et al., 2021b). Red arrow indicates a
patch of fine-grained peloidal fill in an interpreted cavity in the darker micrite fill. (F) A transverse section of
microbialite showing the calcimicrobial frame (yellow arrows) and two generations of fill; generation 1 (darker
grey) contains elongate sparite patches similar to vermiform fabric in (D); generation 2 is a fine-grained peloidal
infill. (E) and (F) from Laolongdong site, Beibei, Chongqing, China. (G) Right-hand third shows partially altered
calcimicrobial structure, comparable to that described by Ezaki et al. (2008, fig. 8C, from the Dongwan locality a
few kilometres along strike from A–D) as ‘spongelike’. Left-hand two thirds show micrite infill, containing net-
work fabrics, deposited between microbial branches. See text for discussion.
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preserved canal system. On the other hand, the
canal system (together with spicules) might be
too tiny to be visually preserved, although other
observations (automicrite, context, substrate)
may indicate a sponge interpretation (Shen &
Neuweiler, 2018). Lee & Riding’s (2021b) recon-
sideration of the enigmatic structure Cryptozo€on
provides an excellent example of the overall
problem of sponge recognition; despite high
quality preservation, there is no canal system
and there is no cortical distinction (Fig. 10, and
illustrations in Lee & Riding, 2021b). In thin sec-
tions circular or elliptical features in cross-
section may be canals, but without 3D evidence,
verification is not possible; for example, this
issue affects the interpretation by Lee & Riding
(2022) that the Mississippian Spongiostroma
originally described by G€urich (1906) is a
sponge. Evidence for the presence of keratose
sponges [in opposition to conventional (micro-
bial) spongiostromata] is needed to test the origi-
nal interpretation (Luo & Reitner, 2014, 2016).
Another example of the problem of verifica-

tion is shown in Heindel et al. (2018, figs 9D,
10B, 10D), in microbialites from the well-known
C� €ur€uk Dag site in southern Turkey. Heindel
et al. (2018) labelled sponges as being present in
the matrix between microbial branches, but
close examination of those images reveals a
homogenous calcareous mudstone with minute
bioclasts and cannot be considered a sponge
mummy. Other images in the same paper show
areas of matrix containing fine sparite between
microbial branches that may be networks, but
lack criteria proving they are sponge mummies;
a similar example from south China was dis-
cussed in detail by Kershaw et al. (2021a).
In summary, because they lack verification,

the presence of fossil keratose sponges in thin-
sections made from limestones–dolostones is
called into question. Table S1 represents an

effort to requalify the most prominent examples
as: essentially microbial-related (spongiostro-
mate, bird’s eyes–vugular–fenestral porosity),
biogenic–problematic, and dubiofossil to even
pseudofossil in nature.

Alternatives to sponges

Endobenthos
Geopetal cavities of variable context including
articulated shells frequently show an infilling
deposit that grades downward from peloids into
amalgamated micrite (for example, Figs 16 and
17A to C). Several are interpreted as sponges
(Lee & Hong, 2019, fig. 2). However, in modern
marine cavities similar fabrics are reported to
form simply by compaction of settled grains
(MacIntyre, 1978; Moore, 2001, fig. 5.11; James &
Jones, 2015, fig. 24.6).
An alternative is that these fabrics reflect bur-

rowing of cavity sediment by small organisms.
Such small organisms generally fall within the
definition of meiofauna (0.04 to 1.0 mm across),
but some can be down to a few microns and up
to 2 mm (see review of L€ohr & Kennedy, 2015)
so clearly matching the width of sparite areas in
vermiform networks. Meiofauna is a broad group
of benthic invertebrates that includes nematodes,
foraminifera, annelids (particularly polychaetes)
and arthropods (ostracodes, malacostracans;
Giere, 2009; Traunspurger & Majdi, 2017). They
are important contributors of modern sediments,
reaching densities of up to 1500 individuals per
10 cm2 (e.g. Shirayama & Kojima, 1994; Neira
et al., 2001; Guilini et al., 2011), modifying sedi-
ment chemistry (summary of Schratzberger &
Ingels, 2018) and producing dense networks of
sinusoidal burrows (Cullen, 1973; Pike et al.,
2001) or simply blurring the primary sediment
fabric without even discrete traces (Pemberton
et al., 2008), which was also shown by laboratory

Fig. 13. (A) to (D) Vertical sections of vermicular structure in plane-polarized light (PPL) and cathodolumines-
cence (CL) views. (A) light branched and curved areas are sparite embedded in micrite. (B) CL view of same area
as (A). (C) and (D) Enlargements of (A) and (B), respectively; arrows show matched points in the four pho-
tographs. CL view (B) and (D) shows little difference in CL pattern between the two components; sparite contains
poorly luminescent and bright luminescent areas, and micrite shows a similar variation at a smaller scale, in fine-
grained material, giving it a speckled appearance. Some sparite in PPL is indistinguishable from micrite in CL.
Whether this uniform CL response supports or denies a keratose sponge origin of this vermicular structure is open
to discussion. From boundary between Diplora Beds and overlying Tarnowice Beds, Muschelkalk, Middle Trias-
sic, Libiaz _z Quarry, Upper Silesia, Poland. (E) and (F) Vermicular structure from Neoproterozoic carbonates
described by Turner (2021, Extended data fig. 1B and C). Note sparite-filled network fabric. Reproduced under
Creative Commons licence (http://creativecommons.org/licenses/by/4.0/), with acknowledgment to Nature.
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Fig. 14. Vertical sections of Triassic vermicular structure in plane-polarized light (PPL) and cathodoluminescence
(CL) views, for comparison with Figs 7, 8 and 12. (A) Light branched and curved areas are sparite embedded in
micrite; (B) is the matched CL view. (C) and (D) Enlargements of (A) and (B), respectively; arrows show matched
points in the four photographs. Although initial examination indicates differences from Figs 7, 8 and 12, CL pat-
terns in these figures only show variable amounts of poor and bright luminescent areas in sparite, yet some areas
of the sparite are also indistinguishable from micrite in CL view. From boundary between Diplora Beds and over-
lying Tarnowice Beds, Muschelkalk, Middle Triassic, Libiaz _z Quarry, Upper Silesia, Poland.
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Fig. 15. Vertical sections of peloidal structures from Vis�ean limestones of Boulonnais inlier, northern France. (A)
and (B) plane-polarized light (PPL) (A) and cathodoluminescence (CL) (B) views of peloidal carbonate, showing
bright orange luminescence of peloids; and dull orange to yellow luminescence of interpeloidal calcite cement.
(C) and (D) Details of the structure, arrows mark matched points. These images demonstrate that peloidal fabrics
are not compatible with an evidence-based interpretation as sponges, and may instead be a diagenetically altered
particulate carbonate or microbial deposit.

� 2022 International Association of Sedimentologists., Sedimentology, 70, 927–969

Keratose sponges in ancient carbonates 953

 13653091, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13059 by M

ount H
olyoke C

ollege Library, W
iley O

nline Library on [02/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



� 2022 International Association of Sedimentologists., Sedimentology, 70, 927–969

954 F. Neuweiler et al.

 13653091, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13059 by M

ount H
olyoke C

ollege Library, W
iley O

nline Library on [02/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



experiments (Bonaglia et al., 2014; Schieber &
Wilson, 2021). In the ancient record, the activity
of meiofauna is under-represented because of the
small size of the organisms and their burrows
which cause: (i) tiny burrows that easily undergo
compaction; (ii) no lithological difference
between the burrow infill and surrounding sedi-
ment; and (iii) some in sand are smaller than the
grain size (see summary of Schieber & Wilson,
2021). Consequently, recognition of meiofauna
burrows in sedimentary rocks is in early devel-
opment (see also McIlroy, 2022). In the small
number of available publications (Knaust, 2007,
2010, 2021; Bali�nski et al., 2013; McMenamin,
2016; Parry et al., 2017; Villegas-Martin & Netto,
2018; Biddle et al., 2021), meiofauna burrows
may be identified by their constant diameter and
straight to sinusoidal character, with a producer
being sometimes preserved at the end of the
trace (Knaust, 2007, 2021). The traces generally
have no ichnotaxonomic names, with only few
exceptions that could be assigned to Cochlichnus,
Trichichnus, Helminthopsis or Helminthoidich-
nites (Knaust, 2007; Villegas-Martin & Netto,
2018).
Features diagnostic of meiofauna tunnels

(straight to sinusoidal shape, constant diameter)
are seen in published photographs interpreted
by some authors as keratose sponges (e.g. Park
et al., 2015, fig. 8A). Moreover, some meiofauna
burrows concentrate within macrofauna burrows
and whole shells, most likely utilizing specific
living conditions and scavenging on decaying
tissues and bacteria (Villegas-Martin & Netto,
2018; Knaust, 2021). In this context, the features
in Luo & Reitner (2014, fig. 2f) and Park et al.
(2015, fig. 4D), reproduced in Fig. 18, are poten-
tial macrofaunal burrows penetrated by meio-
fauna, whereas Park et al. (2015, fig. 8B)
presented a whole brachiopod shell that may
have been passively filled with micrite and

subsequently penetrated by meiofauna to
produce vermicular-structured micrite. Figure 19
shows a Cambrian example of potential
microburrow networks in a cavity, noting that
the images also indicate geopetal sediment in
the sparite areas indicating an open network
prior to cementation. Figure 19E and F, using
UV fluorescence microscopy shows in this
monochrome image that brighter areas are out-
side the network, interpreted to indicate that the
network is not composed of automicrite and
thus not related to sponge mummification. The
accompanying CL image (Fig. 19F) indicates
brighter luminescence in the sediment that may
reflect diagenetic alteration. Figure 20 shows a
case of cavities inside the outer portion of a stro-
matolitic dome in shallow marine platform car-
bonates from North China; the cavities contain
micrite and some type of network that does not
resemble a sponge, and may be interpreted as a
microburrow nest. Summarizing, the ubiquity of
meiofaunal burrowing in modern environments
and the similarity of some ancient network
structures to those burrows provide a viable
alternative to at least some of the possible ker-
atose sponge interpretations.

Dubiofossils to pseudofossils
Three-dimensional microcrystalline micro-
networks might result from cementation of inter-
particle porosity of fine-grained granular–peloi-
dal sediment material (Macintyre, 1985; Lokier
& Al Junaibi, 2016; Kershaw et al., 2021a). The
issue is complicated because the initial state
and cohesiveness of peloidal material varies
greatly from loose aggregates–floccules to indu-
rated grains via an entire spectrum of plasticity
(Schieber et al., 2013). The consequences might
be severe because during consolidation and
physical compaction the initial granular texture
might be lost, resulting in a grumelous ghost

Fig. 16. Vertical sections through geopetal fabrics in early-formed cavities in shallow marine limestones, contain-
ing peloidal and clotted micrites. (A) Geopetal cavity in a mud-rich coral reef, shows variation from separate
peloids at top, down to amalgamated fabrics in lower part, interpreted by Kershaw et al. (2021a) as either inor-
ganic or microbially related structures, in contrast to interpretation of similar structures as keratose sponges. Hua-
shitou reef, Ningqiang Formation, lower Silurian, Guangyuan, north Sichuan, China. Reproduced from Kershaw
et al. (2021a), under CC-BY-NC 4.0, with acknowledgement to Yue Li, The Sedimentary Record and SEPM. (B)
and (C) Geopetal cavity in an algal reef, with layered peloids interpreted as sedimentary, with possible microbial
influence. Note that (B) is cross-polarized light (XPL) and the two black areas at top are holes in the thin section;
(C) is in plane-polarized light (PPL). Late Quaternary, Aci Trezza, eastern Sicily, Italy; after Kershaw (2000). (D)
and (E) Geopetal cavity in algal–coral reef with interpreted particulate peloids and cements. Both images are PPL;
blue colour is resin-filled empty space in the geopetal. Holocene, Mavra Litharia, central south coast of Gulf of
Corinth, Greece; after Kershaw et al. (2005).
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structure or even a diagenetic mudstone texture
(Lokier & Al Junaibi, 2016, for full discussion).
Peloidal textures might also result from authige-
nesis (pelletoidal automicrite) and heterogenous
aggrading neomorphism (Bathurst, 1975, p. 505,
fig. 350; Dickson, 1978; Macintyre, 1985). The
examples of peloidal textures in geopetal infills
in cavities presented by Lee & Hong (2019) as

sponges can be alternatively interpreted as
peloidal fills in cavities. In another example, the
microspar groundmass in Turner’s (2021) study
of Neoproterozoic vermiform structure contains
no features that would indicate that it originated
through ‘permineralization of a pre-existing bio-
logical substance’ (Turner, 2021, p. 2), that is,
automicrite. A vermiform microstructure in a

Fig. 17. Contrasting images of amalgamated and peloidal fabric (A) to (C), siliceous demosponges (D) and (E).
Reef material in early Floian (Ordovician) carbonates, Huanghuachang Section, Hunghuayuan Formation Basin
(GPS: N 30°51.541/E 111°22.713). (A) to (C) amalgamated to peloidal fabric that evolved as infiltrated sediment
subsequent to aragonite dissolution within molluscan mouldic pore. The overall context implies a preservational
window of earliest granular sediment textures (indurated and soft peloids, carbonate floccules, disaggregation)
along with sediment consolidation under minimal mechanical compaction. (D, detail in E) Complexity of an
Ordovician reef fabric. Well-preserved siliceous demosponge (yellow arrow), mummified whereby lighter automi-
crite preserves some darker spots of matrix sediment representing part of sponge canal system.

Fig. 18. Traced drawings of
variegated fabrics, from (A) Luo &
Reitner (2014) and (B) Park
et al. (2015) to show pattern of
sparite (white), with an outer
broken border of curved areas of
sparite. Blue background in each
case is micrite, lacking any clotted
or automicrite fabrics and is
presumed to be sediment matrix. In
(B) yellow ellipse is likely an
ostracod shell.
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sheltered void in Turner (2021, extended data,
fig. 2) grades into the underlying and overlying
homogenous microspar; the lack of a sharp con-
tact between the vermiform area and adjacent
micrite reduces confidence that this structure is
a sponge (but see Table 1). The Early Neopro-
terozoic vermiform microstructure (Turner,
2021) may indeed be a dubiofossil or even a
pseudofossil (syneresis). Furthermore, although

they have some resemblance to microburrow
nests observed in Phanerozoic limestones
(graphoglyptid trace fossils, see Kris & McMena-
min, 2021), it seems unlikely that meiofaunal
metazoans would have existed in the Early Neo-
proterozoic, so the respective claim for presence
of a worm-like (bilateralian) organism (Kris &
McMenamin, 2021) would even intensify the
conflict with respect to current knowledge about

Table 1. Tabulation of the six criteria for recognition of keratose sponges by Luo et al. (2022), with comments on
their applicability. Source: Luo et al. (2022).

No.
Luo et al. (2022) criteria for keratose
sponges Comments (this study)

I “Fibrous skeletons are preserved as
microspar-cemented moulds in
homogeneous automicrites.”

As demonstrated in the main text, there are various possible
explanations for such features, of which keratose sponge is one.
Therefore, this criterion is not reliable for a keratose sponge
interpretation. Note also that sponge-related automicrites are far
from being homogenous, instead they generally form part of a
void-complexing sequence with multiple infills.

II “The skeletal fibres form an
anastomosing network extending
three-dimensionally in the micritic
aggregation with a generally uniform
density.”

Three-dimensional networks with uniform density do not have to
be only sponges; for example, microburrow networks. Thus: (i) it
would be necessary to demonstrate that the observed ‘fibres’ are
skeletal in nature; and (ii) although this criterion is a theoretical
possibility, it raises the question of why this has to be diagnostic
for a sponge.

III “The skeleton persists a uniform
thickness along each fibre. In the
whole skeletal frame, the fibre
thicknesses either change gradually or
exhibit regular orders or hierarchies.
For reference, the diameters of skeletal
fibres in living nonspicular
demosponges vary from a few to
hundreds of micrometres, with many
being around tens of micrometres thick
(Figure 2; Supplementary File S2).”

(i) In contradiction to this criterion, Luo et al. (2022, fig. 2)
shows that fibres vary in thickness, but the first sentence of this
criterion says they are uniform (and the second sentence says
they vary); therefore, the observations do not seem to be
stabilized. (ii) Noting the variety of overlapping components in
fig. 2, there is no reason why these networks have to be sponges.
(iii) Perhaps a 3D network sectioned in 2D may show a large
number of dots representing elements cut in transverse section;
this expectation contrasts the branched networks commonly seen
in thin sections, and so cases with such dots may be more
reliably viewed as sponges.

IV “The fibrous network is constrained in
the micritic aggregation and exhibits
fibres lining the border of the
aggregation, such as between the
sponge body and the hard substrates
and wrapped particles.”

This is a reasonable criterion, a border to a sponge may be
expected. It means that a substantial number of figured keratose
sponges in recent years’ papers are excluded. However: (i) the
presence of a border does not exclude the possibility that the
structure is something else; maybe it is the border of a burrow
network; and (ii) it is also necessary to consider taphonomic and
diagenetic processes that might modify the border lining, making
the margin more diffuse. Thus, this criterion is not diagnostic for
a sponge.

V “There are no desmas (cf. Figure 1D),
incorporated spicules, or orthogonal
symmetry (Figure 1A,B) in the fibrous
network that could indicate an affinity
of spicular sponges.”

However, desmata would not be expected in a keratose sponge,
so this is really an absence criterion and is therefore not
diagnostic for a keratose sponge; there remains no confirmation
that the structure is a sponge.

VI “Water canals of the sponge aquiferous
system are sometimes preserved
(Figure 1E,F; more discussion in
Section 4.1). If present, they add
credits to the sponge interpretation.”

Much depends on their mesoscopic 3D structure; the so-called
aquiferous canals illustrated in recent papers are just circular
patches of sparite in thin section; thus, it remains unclear what
shape and architecture they display if they could be envisaged in
mesoscopic 3D.
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Fig. 19. Vertical sections through vermicular structures in cavities in Cambrian carbonates, interpreted by McMe-
namin (2016) as meiofaunal burrows (microburrow nest) rather than sponges. (A) and (B) plane-polarized light
(PPL) (A) and reflected light (B) views of vermicular structures within a cavity in an archaocyath–algal bound-
stone. Here, vermicular structures are interpreted as possible graphoglyptid trace fossils comprising microburrow
swarms (McMenamin, 2016). (C) and (D) Details of box in (A), using PPL (C) and reflected light (D) views. Puerto
Blanco Formation, Lower Cambrian, base of unit 3, Cerro Raj�on, Sonora, M�exico. (E) and (F) Vermicular structure
in interior space of an archaeocyath, interpreted as packed faecal pellets in a cavity. (E) is PPL, (F) shows ultra
violet (UV; upper image) and cathodoluminescence (CL; lower image); red box in UV image shows location of CL
photograph; yellow and blue arrows show matched points between these three images. Pellets are discrete in
upper part of cavity but become more diffuse downward, interpreted by McMenamin (2016) to indicate pellets
disaggregated in lower part of the pile and light areas are interpreted as microburrows in sediment, burrowing
activity may have caused disaggregation of pellets. Poleta Formation, Cambrian Stage 3, Barrel Springs, Nevada,
after McMenamin (2016).
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molecular-clock divergence-time estimates.
Finally, there is a possibility that a self-
organized fabric arose from the microbial pro-
duction and subsequent decay of exopolymers
(D�efarge et al., 1996) superficially resembling
spongin networks of some modern aspiculate
sponges; however, such features are considered
in this study as unlikely to be compatible with
vermiform networks because exopolymer net-
works are two orders of magnitude smaller than
vermiform fabrics. As an alternative, immiscible
microfluids and respective capillary action
might have evolved, that is syneresis in its
broadest sense. The work of Turner (2021) is fas-
cinating and provoking at the same time because
there is a timing issue that concerns both the
evolution of the interpreted sponges and the for-
mation of the microfabric itself subsequent to
the precipitation of marine cement from marine
pore-waters. This is also an excellent example of
a case where mesoscopic 3D reconstruction is
eminently needed to provide basic information
about a rather feature-poor microfabric.

Potential pitfalls

Literature on keratose sponges in ancient car-
bonates reveals two common features: (i) all
studies refer back to the original microscopic 2D
and 3D reconstruction study by Luo & Reitner
(2014); and (ii) in almost all cases, subsequent
authors regarded these structures as actual
sponges without adding their own evidence in
support of the original interpretation. In addi-
tion, there are cases of unintended errors in
reporting earlier studies, giving the impression
of occurrence of sponges in other sequences,
that were not stated in the cited works. A good
example is in literature on Permian–Triassic
boundary microbialite (PTBM) sequences. Ezaki
et al. (2008, fig. 8C) illustrated a fabric described
as “Highly amalgamated and interconnected
areas exhibiting spongelike texture with infilling
of peloids”, cited by Friesenbichler et al. (2018,

p. 654) as an example of sponges in the PTBMs,
yet Ezaki et al. (2008) did not say that these
structures are sponges. Furthermore, the mate-
rial illustrated by Ezaki et al. (2008, fig. 8)
shows that all four images in that figure are
actually partially altered portions of the lobate
microbialite constructor of post-extinction
microbialites in South China, now named as
Calcilobes wangshenghaii (partly illustrated in
Fig. 12G; also see Kershaw et al., 2021b), which
is not a sponge; the interpreted sponge fabrics
(e.g. Wu et al., 2021) refer to the sediment be-
tween the microbial frame-constructors, not the
microbial frame itself. Figure 12E shows further
complexity in the microbialite infills that do not
resemble sponge fabrics. In PTBMs, Friesenbich-
ler et al. (2018) and Heindel et al. (2018)
recorded possible keratose sponges from Arme-
nia, and Turkey and Iran, respectively; in both
cases these are called keratose sponges by Lee &
Riding (2021a, table 1). Many of the possible
keratose sponges illustrated by Heindel et al.
(2018), noted earlier, are simply carbonate mud-
stones–wackestones. Thus: (i) the notion of a
‘sponge takeover’ after the end-Permian extinc-
tion (Baud et al., 2021); and (ii) the Cambrian to
Triassic correlation between possible keratose
sponges and microbial reef carbonates (Lee &
Riding, 2021a, fig. 9), that includes PTBMs, are
considered here to be premature.

Criteria for recognition of keratose sponges

Six criteria presented by Luo et al. (2022) are a
valuable approach, summarized in Table 1 with
detailed comments. However, even taken collec-
tively, those criteria leave considerable uncer-
tainty, even ambiguity, for verification of
keratose sponges. The following three criteria
present another approach: (i) A recognizable
sponge body, which may include radial or other
symmetries, water canals and/or a spongocoel-
like internal cavity. (ii) A plausible organic geo-
metric relationship between the fibrous network

Fig. 20. Vertical sections through vermicular structures in a cavity within a thrombolitic stromatolite. (A) to (C)
Field views of a microbial bioherm; red box in (B) shows location of sample, from upper part of bioherm. (C) Field
detail of microbial columns overlain by bedded limestone. (D) Whole thin section view of microbialite, showing
abundant cavities. (E) Enlargement of red box in (D), showing cavities (darker grey with geopetals) in microbialite
mass. (F) Detail of right side of (E), showing vermicular structure in geopetal fill. (G) to (I) Details of left side of
(E) (yellow box) showing branched structure of light areas of sparite within micrite fill of cavity, interpreted as
possible microburrow networks of meiofauna during shallow burial, and not as sponges. Uppermost Gushan For-
mation, upper Cambrian, Xiaweidian, near Beijing, China.
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and outer boundary of the body, for example
subparallel canals/network strands reaching the
body surface (Fig. 1B). Even the most amorphous
archaeocyaths (for example, Retilamina, Savarese
& Signor, 1989) show such geometrical relation-
ships, consistent with a sponge interpretation.
Such features as (i) and (ii) may be recognizable
using a series of closely-spaced parallel thin sec-
tions of a block containing suspected keratose
sponge fabrics. (iii) Considering taphonomic and
diagenetic processes discussed earlier in this
study, geopetal fabrics within and between
strands in a network would not be expected.

Implications: The four settings

In the Introduction section, four settings of inter-
preted keratose sponges were presented, and
broader aspects of each are stated below to pro-
vide perspective of the implications of this
study.

1 Neoproterozoic keratose sponges were pro-
posed by Turner (2021), therefore indicating the
possible presence of such derived metazoans at
890 Ma, significantly earlier than the appearance
of its parent taxon, the spongin-bearing demo-
sponges which evolved in the late Cryogenian
according to molecular clock divergence time
estimates (Fig. 2), thus younger than the age of
the material studied by Turner (2021). This age
difference between the molecular clock model
and the dated rocks warrants verification of a
sponge affinity of the structures described by
Turner (2021).
2 A consortium between proposed keratose

sponges and benthic microbial communities,
with introduction of the genetic term keratolite
for the proposed sponge component was pre-
sented by Lee & Riding (2021a). A consortium (=
community) asks for some kind of synecology
whether symbiotic, mutual, commensal or even
parasitic in nature. For sponges, this issue is
extremely complex (Wilkinson, 1978; Cleary
et al., 2019). For fossil material, without the
application of supplementary multiproxy geo-
chemical data at high resolution (N, S, O, C iso-
topes; biomarkers), such an approach must be
considered problematic. The distinct sets of
(interpreted) keratose sponges claimed to alternate
with sets of microbialites in considerable lateral
continuity (Lee & Riding, 2021a) implies mutual
exclusiveness (time-controlled or facies-
controlled) than a kind of consortium. Given the
uncertainty regarding presence of sponges in a

variety of carbonate fabrics (this study), it is rec-
ommended that use of the term keratolite is sus-
pended pending confirmation of the nature of
respective fabrics.
3 Cambro–Ordovician occurrences of potential
keratose sponges reported in numerous studies
have importance for Palaeozoic evolution of the
biosphere with impact on understanding the
Great Ordovician Biodiversity Event, noted by
Servais et al. (2021) to consist of an episode of
change rather than a short-term event. If sponges
occurred in larger abundance than has been
recorded by verified sponges, then there is an
important potential impact on the nature of
ancient benthic assemblages across this period.
Thus, it is critical to correctly identify the affin-
ity of these structures before applying them in a
wider context of palaeo-biodiversity.
4 Rapid and immense shifts in ecosystems after
the end-Permian extinction include a short per-
iod of development of microbialites in shallow
marine carbonate settings, the appearance and
disappearance of which remain unexplained.
However, recent contributions to literature of
interpreted presence of keratose sponges has a
significant impact on models of biotic and envi-
ronmental change. The Permian–Triassic bound-
ary microbialites are likely unique in the rock
record (Kershaw et al., 2021b), so the notion of a
concurrent sponge increase is critically influen-
tial in ecosystem analysis. Interpretation of ker-
atose sponge expansion after the end-Permian
mass extinction is an attractive idea, correspond-
ing with possible sponge development during
low-oxygen conditions associated with that
extinction. Nevertheless, lack of verification of
sponges in post-extinction facies means that it is
not wise to include sponges in models. The corol-
lary is that the unverified reports of sponge pres-
ence also lead to uncertainty in the nature of
biotic assemblages. In a modern context, there is
increase in sponges in modern coral reef systems
that may be a reflection in the decline of corals,
while sponges are more resilient to change (but
see Perkins et al., 2022, for bleaching sponges).
Sponge expansion after mass extinction is thus
an area of great potential interest in understand-
ing modern changes.

CONCLUSIONS

1 The interpretation of keratose sponges in car-
bonate facies through the Neoproterozoic to
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Jurassic (and maybe as late as Eocene) record
produced numerous inconsistencies that con-
cern timing, depositional and environmental
context, biostratinomy and diagenesis. The inter-
pretation is considered to be at best unsafe, and
at worst incorrect.
2 The issue requires three-dimensional recon-

structions at mesoscopic scale of the microfabrics
in scope to illustrate and distinguish a distinct
body fossil from post-depositional features
related to, for example, fluid capture, burrows,
meiofaunal activity or local diagenesis. Two-
dimensional thin section studies alone are insuf-
ficient to verify the presence of keratose sponges.
3 If mesoscopic reconstruction results in a dis-

crete body fossil, for the interpretation of a ker-
atose sponge, automicrite needs to be identified,
and likely the preservation of a sponge-specific
canal system associated with distinct cortical
boundaries.
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