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The late Cambrian (Furongian) Alum Shale Formation of Sweden is famous for its diverse macrofauna (mostly
trilobites and brachiopods) and microfauna (‘Orsten’ fauna). Until now, no remains of sponges were known from the
Alum Shale biota. We report here the presence of numerous isolated sponge spicules from several limestone nodules
found across the late Cambrian Alum Shale Formation. The collection mostly comprises unusual obese pentactine and
hexactine spicules that occur in close association with modified acanthose pentactines and hexactines, as well as rela-
tively regular ones. The spicules exhibit a wide range of variation, but their diversity appears rather low, belonging to
at least three hexactinellid and one possible stem sponge taxon. One of the hexactinellid species seems closely related
to the sponge Rigbykia ruttneri. The occurrence of sponges in the Alum Shale biota, associated with other sessile or-
ganisms, suggests that the substrate of the Alum Shale Sea might have been firm enough to allow sessile organisms to
invade and colonize the sea floor when the oxygen supply was sufficient. These conditions in the Alum Shale Sea ap-
pear to have been spatially and temporally restricted, thus limiting the geographic distribution of sessile organisms.
However, until a more complete overview of the Alum Shale biotas can be drawn, uncertainties remain regarding the
substrate properties of the Alum Shale Sea. ¢ Key words: Cambrian, Alum Shale Formation, ‘Orsten’, sponge, spicule,
Rigbykia ruttneri.
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Sponges are in most cases sessile suspension-feeding or-
ganisms, characterized by a body built around a system of
water canals and chambers (for unusual predatory species
see, e.g., Vacelet & Boury-Esnault 1995). Despite their
simple-appearing body architecture, sponges have been a
highly successful group of organisms through time, and
remain so. Most sponges possess a skeleton; the extracel-
lular jelly-like mass (mainly collagen) filling the sponge
body is stiffened by mineral spicules (calcareous and sili-
ceous), horny material (spongin fibres and spiculoids) or
a combination of both. Due to the fragility and the chemi-
cal composition of their skeletons, sponges have a very
intermittent fossil record, particularly in the Cambrian.
Yet sponges occurred in most marine environments from
the Neoproterozoic onward and constituted an important
component of ancient reef ecosystems as reef-builders
(Reitner & Worheide 2002 and references therein). Mo-
dern sponges have colonized all marine and many
fresh-water habitats.
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Articulated skeletons of sponges are rare in Cambrian
deposits. Major occurrences can be divided into two asso-
ciations: the lower Cambrian sponge fauna of China
(Chengjiang fauna) and the Middle Cambrian sponge as-
semblages of North America, particularly from British Co-
lumbia (Burgess Shale fauna) and Utah. Bodily-preserved
sponges were recovered also from other continents, but
fossils are usually scarce (Carrera & Botting 2008 and ref-
erences therein). Nevertheless, sponges are not uncommon
in many Cambrian deposits, mainly in the form of spicules,
e.g., recovered from acid etching residues of carbonate
rocks (e.g., Mostler & Mosleh-Yazdi 1976, Bengtson
1986, Bengtson et al. 1990, Zhang & Pratt 1994, Dong &
Knoll 1996, Mehl 1998, Debrenne & Reitner 2001). Al-
though Cambrian assemblages of isolated spicules indicate
a high morphological diversity and complexity of sponges,
spicules have often been neglected because of their minute
size and the difficulty of assigning them to specific sponge
taxa.
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Sponge remains in Baltoscandia are likewise scarce
throughout the Cambrian Period. Despite numerous studies
on Cambrian deposits, few authors have mentioned the
presence of isolated sponge spicules (e.g., Berg-Madsen
1981, Ahlberg et al. 2009, Alvaro et al. 2010), and these
spicules were not illustrated with line drawings or photo-
graphs for taxonomic purposes, and thus remain unknown
to the scientific community.

The Cambro-Ordovician Alum Shale Formation of Swe-
den is characterized by uniform fine-grained darkish mud-
stones to dark bituminous shale deposits with rare interca-
lated limestone beds and subordinate primary limestone
concretions (colloquially named ‘Orsten’; e.g., Hennings-
moen 1974; Berg-Madsen 1985, 1989; Miiller 1985;
Dworatzek 1987; for a review of the Alum Shale Formation
of Sweden see Bergstrom & Gee 1985). These thick black
shales possibly were deposited across a broad, poorly oxy-
genated, sediment-starved and sulphur-rich epicontinental
sea of shallow depth (Thickpenny 1984, 1987; Buchardt et
al. 1997; Schovsbo 2000, 2001). These deposits are rich in
macro- and microfossils of various affinities.

The fossiliferous shale deposits have yielded mostly
polymerid and agnostoid trilobites (Terfelt et al. 2008,
2010 and references therein) and various brachiopods (cf.
Popov & Holmer 1994). ‘Orsten’ nodules, on the other
hand, yielded in addition to a rich conodont fauna (Miiller
& Hinz 1993, Szaniawski & Bengtson 1998) many phos-
phatized, three-dimensionally preserved arthropod fossils
(e.g., Miiller & Walossek 1985, Miiller 1990, Maas et al.
2006 for a review and references therein). So far, no
bodily preserved sponges or isolated sponge spicules
have been reported from the upper part of the Cambrian
Alum Shale Formation. Reinvestigation of the residues
from the ‘Orsten’ limestone nodules led to the discovery
of a collection of sponge spicules. Remains of spiculate
sponges were found in samples from several localities in
the central part of Sweden (Fig. 1; see Peng et al. 2006 for
discussion of the new nomenclature of the Cambrian ep-
ochs; Gradstein et al. 2008 for the current geological set-
ting of the Cambrian).

In this paper, we document and describe for the first
time isolated sponge spicules from the Alum Shale Forma-
tion of Sweden. Although several of the spicules are inde-
terminate at high taxonomic level, we report the presence
of unusually modified sponge spicules, which might repre-
sent a new hexactinellid sponge species closely related to
Rigbyella ruttneri (Furongian, Mila Formation of Iran;
Mostler & Mosleh-Yazdi 1976; renamed Rigbykia ruttneri
by Ozdikmen 2009). A similar spicule association has been
described briefly from the Furongian Wilberns Formation
of Texas by Rigby (1975). We will discuss possible sys-
tematic affinities of these different spicule types and the
ecological significance of the presence of sponges in the
Alum Shale biota.
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Material and methods
Material

Several rock samples from different localities at the Kin-
nekulle and the Falbygden area (Vistergotland, Sweden;
Fig. 1B-D) yielded hundreds of individual sponge spicu-
les. Occurrence of spicules ranges from the Agnostus pisi-

formis Biozone of the Cambrian Series 3 (formerly repre-

senting the lowermost zone 1 of the Upper Cambrian and
recently reconsidered as the uppermost zone of the still un-
named Series 3, Guzhangian Stage, following Peng et al.
2004, 2006; see Ahlberg 2003, Terfelt ef al. 2008 for a re-
view of the Cambrian biostratigraphy in Scandinavia), up
to the middle part of the Trilobagnostus holmi Biozone of
the Furongian Series (former zones 5 and 6 in Hennings-
moen 1957, Fig. 1A).

Limestone nodules yielding sponge spicules count for
less than 3% of the overall amount of the rock collection.
So far, there are no obvious lithological features that could
help to recognize a rock comprising sponge spicules. In
this context, preparation of polished and thin sections
would be necessary; unfortunately all limestone nodules
were dissolved without a detailed lithological investiga-
tion. Sponge spicules are relatively abundant in the resi-
dues coming from the upper part of the Furongian Series,
but extremely rare in those from the lower part.

Spicules produced by sponges are highly diverse in
shape and size, with more than 80 basic types of megasclere
and microsclere spicules having been described in hexa-
ctinellids and demosponges (Uriz et al. 2003a, 2003b; Uriz
2006). Spicules can be categorized on the basis of their size,
symmetry, shape and ornamental structures. In the present
paper, the spicules are described morphologically following
the terminology used in Boury-Esnault & Riiztler (1997).

Spicules are separated conventionally into two catego-
ries, mega- and microscleres, according to their size and
their role in the skeleton (Lévi 1973; Uriz et al. 2003a,
2003b). Megascleres are usually of greater size than micro-
scleres, and form the main skeletal framework. In contrast,
microscleres are scattered throughout the sponge tissue and
are not part of the main support elements. Moreover, these
two spicule categories are morphologically very different
in terms of shape and architecture and differ significantly
in their secretion mechanism (Uriz et al. 2003b). Although
information on the original skeletal framework has been
lost during fossilization, the morphology of the spicules
and the presence of an axial structure indicate that the col-
lection most likely comprises sponge spicules of the mega-
sclere type. Microscleres most likely were not trapped into
residues during the etching process due to the sieve sizes
originally chosen by the late Professor Dr. Klaus J. Miiller,
Bonn, the discoverer and collector of the ‘Orsten’ material
(smallest with a mesh size of 100 pm). Moreover,



Christopher Castellani et al. * Isolated sponge spicules from the late Cambrian ‘Orsten’ nodules

|

HNIRNEE A B
£ . T
9 8|S %g Polymerid Lo
2llao|2(I2] biozones S8
@ || |9 Lo %3
N — Acerocare ecome ||
% Westergaardia scanica|| &
< R ;
0 Peltura co'stata 2 >d(
ol & P. transciens > ¢
. gt O ——
wi £ P. paradoxa o
2|l £ [ Paralobina tobata | 5 '
Q aralobina lobata o |
Ll | IS} = X‘X *
@1 2 | Ctenopyge linnarssoni _E ' b4 FINLAND /
C. bisulcata [
23 C. affinis [ o] NORWAY /  Sijan
33 : X%\r )
§§ ¢ tinida ‘fé . e Oslo Region ¥ ] Q
@
ig § C. spectabilis § ,
[ ] C. similis =
C. flagellifera ]

% ° C. postcurrens % >\<j§°
o) o s
<2 ) 8
=llo S || Leptoplatus neglectus || &

i S
ais|e] e -
<§E sl 3 L. stenotus
o i
ol 5 L. ovatus =
: S
2 L. crassicomis 3 Vénern
§ L. raphidophorus =
L. paucisegmentatus L
Par. spinulosa o_g
[=iE
|| Par. brevispina m_ﬁ
[ ] o Olenus scanicus || |
S
z5 @ O. dentatus N
<% 0. attenuatus e
2 |8 370 wanlenbergr | 8 |+
< £ . wahlenbergi 2 >\‘%’
%‘ < O. truncatus D€
N O. gibbosus L
(= ][Z] =5
<

AR 3| &

= <Zt g2s S Spicule assemblage from a taxon

[ & 5 N . .

W § 22 & >\d( .}4‘% ‘ closely related to Rigbykia ruttneri
L 2 10| L] X (Mostler & Mosleh-Yazdi, 1976)
Xjé Regular hexactinellid spicules Unusual pentact spicule - Alum Shale deposits
g Suicuis 6t 5.StenT SHEREG TAXeH Uncertainty in stratigraphic ﬁ Sampling localities

P pang occurence with sponge remains

Figure 1. Cambrian biozonation of Scandinavia and locality maps of Sweden with outcrops of the Alum Shale Formation (black) sampled in the 1970’s
and 1980’s by the late Professor Klaus J. Miiller and his team. * A — trilobite zones of the late Cambrian of Sweden (Series 3 — Furongian; Alum Shale For-
mation; after Westergard 1947, Henningsmoen 1957, Ahlberg 2003, Terfelt ef al. 2008) with stratigraphic occurrences of the recovered sponge remains.
¢ B — distribution of the Alum Shale Formation in Baltoscandia and location of the sampling areas (rectangle). * C — sketch-map of the Kinnekulle,
Vistergotland with sampling outcrops (stars; 1. Haggarden-Marieberg; 2. Brattefors; 3. Gum; 4. Trolmen). ¢ D — sketch-map of the Falbygden area,
Vistergotland with sampling outcrops (stars: 1. Karlsfors; 2. Nya-Dala; 3. Stenstorp-Dala; 4. Stenasen; 5. Odegarden; 6. Uddagéarden; 7. Tomten;
8. Rosberga; 9. Skar; 10. Ekeberget; 11. Milltorp).

445



Bulletin of Geosciences * Vol. 87, 3, 2012

microscleres have the tendency to dissolve more easily
than megascleres.

Methods

Etching was undertaken at the Steinmann Institute of Geo-
logy, Mineralogy and Palacontology, University of Bonn,
Germany in the 1970’s and 1980’s in Miiller’s research
group (for details see, e.g., Miiller 1979, 1982, 1985). Pick-
ing of sponge fragments from the insoluble ‘Orsten’ resi-
dues was performed much later (2010-2011) in the Work-
group Biosystematic Documentation at the University of
Ulm, Germany (by CC) under a Leica MS 5 stereo-
microscope. Sponge spicules were then mounted on stubs
for morphological investigation using a scanning electron
microscope (SEM). All specimens were photographed
in standardized and detailed views using a SEM Zeiss
DSM 962 at the Central Unit for Electron Microscopy,
University of Ulm. SEM images were processed with the
image-processing software GraphicConverter and Adobe
Photoshop (CS4). Despite the rather small size of the speci-
mens, under high magnification the relief of the specimens
is already high enough to prevent continuous sharp focus.
Therefore, several images of the same area were taken in
different focal planes and later fused together with the free
image-fusion software CombineZM and CombineZP in or-
der to improve the depth of focus of each image. The speci-
mens form part of the Miiller collections of the Steinmann
Institute, labelled as UB W plus a specific repository num-
ber, but are currently housed at the University of Ulm for
ongoing research.

Sponge spicules as diagnostic characters

Sponge bodies can be massive or spiculate, the latter hav-
ing a skeleton made up of spicules of one or several types
that can occur sparsely in the skeleton, be interlocked, fu-
sed or joined by spongin. Spicule shapes and sizes among
extant and fossil sponge taxa are extremely variable. Dia-
gnostic characters of spicules, such as size, shape and or-
ganization, are often used to identify sponge taxa (e.g.,
Lévi 1973, Hooper & Van Soest 2002). However, these
features are not often taxonomically distinctive. Although
a number of fossil taxa were named on the morphological
basis of their spicules (e.g., Mostler & Mosleh-Yazdi
1976, Bengtson 1986), in modern sponges they are rarely
diagnostic, and then mostly for microscleres. Spicule ty-
pes are to a certain extent genetically fixed; closely rela-
ted as well as phylogenetically distant sponge taxa are
able to produce spicules of the same type and shape. Re-
cent studies on sponge skeletogenesis demonstrated that
most traditional characters used in sponge taxonomy

446

might be heavily affected by environmental conditions
(e.g., Bibiloni 1990, Boury-Esnault & Riitzler 1997,
Hanna et al. 1998, Maldonado et al. 1999). Moreover, be-
sides convergent spicule shapes, spicules may also un-
dergo morphological transformations during ontogeny
(e.g., Uriz & Maldonado 1995, compare their figs 5b and
5c; Miiller ef al. 2007, their fig. 4). Spicule size and orga-
nisation at any point in ontogeny are strongly dependent
on skeletal growth patterns (e.g., Botting 2003). Such
changes might have been overlooked when dealing with
fossil assemblages of isolated spicules, leading to wrong
diagnoses. In this context, post-mortem processes (i.e., et-
ching, dissolution, mechanical abrasion, diagenesis) also
could have altered the original shape of the spicule
(Riitzler & Macintyre 1978 and references therein).

In consequence, species determination based on a sin-
gle individual sponge spicule led often to an increase of
species and invalid taxon names. Morphology of isolated
spicules alone should not be used as the basis for recogni-
tion of specific sponge taxa, although co-occurrence of
spicules in the same sample could also help us in their iden-
tification process. Only articulated fossils should be the ba-
sis for naming new species, wherein a greater range of
more reliable characters is preserved (e.g., body shape, sur-
face ornamentation, spicule arrangement in the body wall
and skeletal composition and growth pattern). Because of
the lack of articulated skeletal body fossils and the scarcity
of sponge remains in the Alum Shale Formation, we con-
sider it premature to apply conventional taxonomy to all
the different spicules. Most of the spicules described herein
do not appear to be diagnostic for any particular type of
sponge; therefore, the spicules will be categorized accord-
ing to their morphology.

Results
Spicule types and their stratigraphic range

The isolated spicules were grouped and separated into five
broad categories:

(1) regular triaxon spicules and their derivatives (Fig. 2);

(ii) a series of modified triaxon spicules, in which one
ray is swollen and acanthose (Fig. 3);

(iii) obese triaxon spicules, in which the central ray is
egg-shaped and surmounted by extremely reduced rays
(Fig. 4);

(iv) a single fork-like pentactine spicule, with the four
short rays pyramidally arranged (type I; Fig. SA-D);

(v) an asymmetric, irregularly shaped spicule (type 11,
Fig. SE-I).

The first three categories occur in close association in
most rock samples from the upper part of the Alum Shale
Formation and suggest that all three spicule types formed



Christopher Castellani et al. * Isolated sponge spicules from the late Cambrian ‘Orsten’ nodules

the skeleton of a peculiarly modified sponge. The obese
spicules are the most abundant type (about 50%), and the
highly acanthose triaxon spicules are nearly as abundant.
Regular hexactines and pentactines are less common and
make up, at most, 20% of the preserved spicules. The abun-
dance of each different spicule type might vary from one
rock sample to another, but obese and acanthose spicule
types are always the most abundantly represented spicule
types in all samples. This suggests that these spicule types
are the principal component of the sponge skeleton and
contribute to it in nearly equal proportions. They may have
formed a compact and specialized external cortex or layer
of the sponge skeleton, as in Stioderma coscinum Finks,
1960 (Finks 1960), as suggested by Rigby (1975).

Regular hexactinellid-type spicules also were recov-
ered in the residues of a few rock samples at several hori-
zons where the acanthose and inflated forms do not (cf.
Fig. 1). This suggests that at least one other hexactinellid
species is included in the assemblage.

The last two categories (Fig. 5) are represented by a sin-
gle specimen each and do not co-occur in rock samples con-
taining the three major spicule categories (Figs 2—4). Their
shapes are unusual and likely point to different sponge taxa;
unfortunately, too little material is known for a comprehen-
sive understanding of these particular spicules.

Composition and preservation

Most specimens are three-dimensionally preserved and si-
licified; a few are secondarily pyritized and phosphatized.
In the collection, only two specimens are preserved by
phosphate coating and/or replacement (Fig. 5). The fork-
like pentactine spicule (Fig. SA-D) has only its outer mar-
gin preserved, leaving the interior of the spicule hollow. In
contrast, the entire body of the fype II spicule has been rep-
laced by secondary phosphate, resulting in preservation of
very fine internal structures such as concentric growth lines
and the tiny axial filament (Fig. SE-I). Scarcity of those
spicule types in the material and differences in the quality
of preservation are difficult to explain with the material at
hand. This might indicate a possible difference in original
mineral composition and probably reflects different geo-
chemical and sedimentological settings in the closed mic-
roenvironment during phosphatization.

Silicified specimens are the most abundant ones. Most
of the spicules are fragmentary, likely owing to the rough-
ness of the etching process. The original biogenic silica has
most likely recrystallized to microcrystalline and perhaps
cryptocrystalline quartz in some cases. In some specimens,
only the outer margin is preserved, leaving the centre of the
spicule hollow. In others, the inner cavity of the spicule is
partially (Fig. 4A) or completely (Fig. 4B) preserved, leav-
ing detailed structures such as axial cylinder and concentric

growth lines preserved (Figs 2L, O, 3D, H-J, M). Preserva-
tion of external spines on the surface of spicule rays (Fig. 3)
may suggest limited transport before burial.

Morphological description
Regular hexactinellid spicules (Fig. 2A-0)

Simple triaxon spicules of hexactine and pentactine types
are fairly common in the material. Most of the specimens
are incomplete, the spicule rays being partially preserved
or broken off (e.g., Fig. 2A, C-D, K, N-O). The specimens
range from about 500 um up to more than 2000 pm in total
length, with rays ranging from 50 um up to more than
150 pm in diameter. Regular pentactines and hexactines
are equipped with five and six, respectively, smooth and
equally developed rays meeting at right angle at a common
centre. In most of these spicules, the rays taper from a ma-
ximum diameter at the ray junction and decrease slightly
toward their tips (Fig. 2B, F). These spicules are similar to
the hexactine and pentactine spicules from various hexacti-
nellid sponges that have been found in many horizons
throughout the Palaeozoic sequence all over the world. Al-
though these regular hexactine and pentactine spicules ap-
pear rather ordinary, they also show a certain degree of va-
riation in addition to the basic types (triaxon spicules with
5 or 6 straight and unbranched rays perpendicular to one
another, rays usually are of more or less equal length; e.g.,
Fig. 2B, F). For example, the central and lateral rays can be
curved rather than projecting straight forward (Fig. 2D, N).
Most of the spicules have their rays meeting at 90°, but the
angle between each of them can be slightly lower or higher
(Fig. 2D, G, M, O). Secondary rays in some cases grow
close to the tip of the lateral rays. Such a peripheral ray usu-
ally is shorter than the underlying ray and conical in shape.
When present, the tip of the lateral ray is blunt and the extra
ray branches from it at various angles (Fig. 21-J). Triaxon
spicules with unequal ray length also are quite common, re-
sulting in aberrant spicule forms. The central ray shows the
most size variation; it can be longer than the lateral ones
(Fig. 2D, N) or extremely reduced (Fig. 2E, M). Spicules
can bear lateral rays of unequal size as well (Fig. 2E, I, M).
Thin concentric layers of silica and remains of the central
cylinder can be observed in some of these spicules
(Fig. 2K-L, O). The core of the spicule (axial filament, ca-
nal and cylinder) appears to erode more rapidly than the
margin of the spicule. The central part is thus enlarged and
rounded in cross section. Resulting spicules are therefore
hollow, occasionally with a few concentric growth lines
preserved (e.g., Fig. 2], L).

Regular stauract spicules are virtually absent from the
material. Stauract-like spicules usually bear a central re-
duced ray either on one side or on both sides of the ray
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junction (Fig. 2E, M). We interpret them as modified
pentactine or hexactine spicules with an aberrant shape.
Surprisingly, monaxon spicules are absent from the mate-
rial as well. It may be possible that these spicules were
partly overlooked or confused with broken triaxon rays,
but it is rather unlikely.

Acanthose and swollen hexactinellid spicules
(Fig. 3A-0)

A great number of hexactine and pentactine spicules in the
material has a modified central ray, which is swollen and
ornamented with small projections. Characteristic forms
possess all six rays, but the acanthose one is greatly enlar-
ged or reduced compared with the orthogonal lateral rays.
The diameter of the modified ray is always larger than that
of the other rays, with the maximum diameter being situa-
ted some distance from the ray junction. The inflated cen-
tral ray is always acanthose, i.e., the ray is ornamented by a
set of tiny, obliquely- and distally-oriented spine-shaped
projections all over its surface. Some of spicules lack spi-
nes, but these were likely abraded or reduced through dis-
solution (in Fig. 3, compare B, C, E with A, I, D respecti-
vely). Small spines are distributed all over the surface of
the ray, from the ray junction to the distal end of the ray.
Spine-shaped projections are always oriented distally and
can be as long as 25 pum. Projections vary in size along the
ray, spines being located on the distal and proximal part of
the ray appear shorter than the ones being situated in the
middle of the ray (Fig. 3D). No peculiar organization of the
spines was observed, but they seem to be more or less regu-
larly spaced (Fig. 3D, H, J, M). There is a great variability
in terms of size and shape amongst the representatives of
this spicule type: the material comprises three morphoty-
pes of hexactine spicule (H-I, H-IT and H-III) and two mor-
photypes of pentactine type (P-I and P-II). Some speci-
mens show some variability compared to these five basic
types and are interpreted as intermediate forms:

Morphotype H-1. — Regular hexactine spicule in which the
acanthose central ray is short and ball-shaped. Lateral and
opposite central rays are smooth and at least as long as the
swollen one, but usually of greater length. Extremities of
the lateral rays are pointed whereas the end of the modified
central ray is gently rounded (Fig. 3A-B).

Morphotype H-II. — Regular hexactine with a reduced and
spiny central ray that is more or less cylindrical in shape.
The slightly modified central ray is shorter than the other
rays but somewhat wider. The ray opposite to the modified
one is usually the longest one, but the lateral rays may be as
prominent. The distally oriented spines are rather short and
project outward at an angle close to 90° (Fig. 3C, I-J).

Morphotype H-III. — Regular hexactine spicule in which
the modified central ray is the largest and longest. The
acanthose ray is greatly enlarged and elongated, with a
more-or-less rounded end. Lateral and opposite rays are
conical in shape, smooth and short (Fig. 3D-E).

Morphotype P-1. —Five-rayed spicule that shares a similar
shape with the spicule of morphotype H-III. The unique
difference is the lack of a central ray opposite to the swol-
len and acanthose one, resulting in a pentactine spicule
type (Fig. 3K).

Morphotype P-II. — Acanthose pentactine spicule with a
short and ball-shaped central ray similar in shape to the
morphotype H-I (Fig. 3M), but lacking an opposing ray.

Remarks. — The acanthose ray is usually rounded at the end
(Fig. 3A-B, G-J, M), but in some spicules the ray tapers
more abruptly from its maximum diameter and ends dis-
tally in a rostrum-like tip (Fig. 3F, L). Spicules with une-
qual ray lengths are quite common as well, resulting in in-
termediate forms. Some spicules possess an elongated
lateral ray as long as the central one (Fig. 3G), while in other
pentactines the four lateral rays include two short rays and
two longer ones (Fig. 3L). Owing to the scarcity of the
morphometric data, it is not unequivocal if these forms are
discrete morphotypes or form a continuum with the other
regular acanthose spicules of the same type.

Obese hexactinellid spicules (Fig. 4A-0)

Pentactine or hexactine spicules with strongly modified ray
(= central ray) that is usually inflated into a sub-spherical
ray. The overall shape of the spicules varies from
near-spherical to an elongated egg-shaped body (Fig. 4). In
a few pentactines, the central ray seems partly subdivided
into two unequal parts. These two parts are delineated by a

Figure 2. Regular hexactinellid triaxon spicules and their derivatives. * A — UB W 420, badly preserved triaxon spicule (scale bar 200 um). * B—UB W
421, regular hexactine (scale bar 200 pm), modified from Buchardt e al. (1997). « C — UB W 422, regular hexactine with the axial cylinder partly pre-
served (scale bar 500 um), redrawn and modified after Miiller & Hintz (1991). « D — UB W 423, modified hexactine with a central ray longer than the lat-
eral ones (scale bar 200 um), redrawn and modified after Miiller & Hintz (1991). « E — UB W 424, modified hexactine with asymmetric and reduced cen-
tral rays (arrows; scale bar 500 um). « F — UB W 425, regular pentactine (scale bar 200 um). « G, H — UB W 426. G — modified pentactine (scale bar
200 um). H — top view, lateral rays meet at nearly 120° and 60° in the same geometric plane (scale bar 200 pm). * I-J — UB W 427. 1 — modified hexactine
with development of a subsidiary lateral ray (arrow; scale bar 200 um). ¢ J — close-up view of the subsidiary ray (scale bar 50 um). « K, L — UB W 428.
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K — pentactine with unequal ray lengths with microstructures preserved (arrow; scale bar 200 um). L — close-up of 11, cro ction view of one lateral
ray, note the preserved concentric growth lines around the axial cylinder (arrow; scale bar 20 um). « M — UB W 429, modified pentactine with a reduced
central ray (arrow; scale bar 500 pm). e N — UB W 430, pentactine with an elongated central ray and short lateral rays (scale bar 500 um). « O —UB W 431,
triaxon (?) spicule with its axial cylinder preserved (arrow
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shallow constriction situated at short distance down to the
tip of the proximal pole, at the root of the lateral rays
(Fig. 4G). The apex of the central ray is usually gently
rounded, but can show a terminal extension, forming a kind
of ‘rostrum’-like extremity (Fig. 4M). The four lateral rays
consist of a cluster of four extremely reduced, blunt conical
projections rising at 45°, upward and outward, from the
surface of the proximal pole of the modified ray at a short
distance down from its tip. In contrast to the obese pentac-
tine spicules, obese hexactines bear an opposite central ray
centrally on top of the egg-shaped ray. This ray is
cone-shaped and as reduced as the lateral ones, radiating
upward in the same axis as its opposite swollen central ray
(Fig. 4N). Blunt projections are regularly distributed on the
proximal pole (e.g., Fig. 4C-D), but they can rise from the
obese ray close to its central axis and at its rim in a more la-
teral position (e.g., Fig. 4H, O). Lateral rays are cone-
shaped and longer than wide. A few spicules have supernu-
merary rays. These extra rays resemble the regular blunt
projections but are somewhat shorter and smaller in diame-
ter. They are usually located between the regular lateral
rays, but their distribution varies from spicule to spicule
(Fig. 4N). Development of supernumerary rays is relati-
vely unusual and irregular, with some spicules having one
or two rays and others more than four. On some specimens,
at the same position where lateral rays should be situated,
small bumps occur instead. The bumpy structure is as high
as the regular lateral ray, but somewhat wider and does not
reveal evidence of any kind of opening (Fig. 4K-L). In
contrast, conical blunt projections are usually open dis-
tally. Openings are circular in cross-section and range from
2 um to slightly more than 10 um. Originally, sub-terminal
rays might have terminated in a pointed end but owing to
the roughness of the etching method and/or post-mortem
transportation their tips have broken off (e.g., compare
Fig. 4C to Fig. 4]). Spicules range from 215 pm in length
and 170 um in width up to more than 500 um in length and
width. Conical lateral rays are usually 15 pm to 30 um in
width and 30 pm up to more than 50 um in length.

Other spicules

Two more spicules do not fall into the first three major ca-
tegories described above. The first is a fork-like pentactine,
type I, that is from a different locality but the same stratig-
raphic horizon as the main bulk of the material (Fig. 1A).
The last form, type II, was retrieved from the Agnostus pisi-
formis Biozone.

Type I (Fig. 5A-D). — It is a secondarily phosphatised
fork-like pentactine-type spicule with an elongated, cylin-
drical and ornamented central shaft. The proximal end
branches into four reduced acanthose rays radiating up-
ward and outward at an angle of nearly 160° to the central
ray (Fig. SA-C). Lateral rays are symmetrically arranged
(like the edges of a pyramid), but are of unequal size. They
are swollen and equipped with ridge-like or spine-like or-
naments (Fig. 5D). The short lateral rays are nearly 200 um
in length and 30 to 50 pm in width, whereas the main shaft
is at least 600 um long and 70 pm wide for a total length of
the spicule of at least 800—-850 um (distal end broken off).
The diameter of the central ray increases slightly from the
ray junction toward the end of the shaft. At about 150 um
from the ray junction, circlets ornament the main shaft.
They are partial or complete circular structures and regu-
larly distributed (~30 um between circlets) along the sur-
face of the ray (Fig. SA-C).

Type Il (Fig. 5E-I). — It is an asymmetrical spicule with an
irregular but unornamented surface, with a central ring-
shaped shaft extending outward into at least four subsidiary
branching arms (Fig. 5SE-G). The broken spicule measures
at least 390 um in length (including the arms) and is about
35 pm high. Shafts are cylindrical in shape and unequal
in diameter. The central ring of the spicule extends outward
into several diverging node- to arm-like projections
(Fig. SE, F). These are distributed irregularly along the rim
of the spicule. Elongated arms seem to be restricted to one
side of the spicule whereas nodes appear to be situated ex-
clusively on the opposite side (Fig. 5E). The diverging
structures range from 15 pm (nodes) up to more than
125 pm (arm-like extensions) in length, with a diameter va-
rying from arm to arm and proximally to distally. The sub-
sidiary shafts radiate exclusively laterally to the central
ring, at nearly 90°, and curve downward distally (Fig. 5F).
Although the radiating shafts usually are nonbranching,
one of them bifurcates distally into two smaller and inde-
pendent structures (Fig. S5E, F). Distally, the branching
shafts appear broken, but the stepped extremity of some of
them might indicate original distal ends (Fig. 5F). Due to
the incomplete preservation of the spicule, there is an open
window into its internal organization. Details such as con-
centric layers, axial canal and filament are also preserved
throughout secondary phosphatisation (Fig. 5F-I). The
thin concentric layers encircle a narrow void located in
the middle of the shaft (Fig. SH-I). More than ten different
layers can be counted in some parts of the spicule. At the

Figure 3. Modified hexactinellid triaxon spicules in which the central ray is acanthose and swollen. ¢ A — UB W 432, morphotype H-1 (arrow; scale bar
200 um). * B—UB W 433, morphotype H-I (scale bar 200 pm). « C — UB W 434, morphotype H-II (scale bar 200 um). « D— UB W 435, morphotype H-1II,
note the distally oriented spines (arrow; scale bar 100 um). « E — UB W 436, partly preserved spicule morphotype H-I1I, spines are abraded and broken off
(arrow, scale bar 100 um). « F—UB W 437, modified hexactine, the acanthose ray ends in a rostrum-like extremity (scale bar 100 pm). * G, H-—UB W 439.
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G — modified hexactine (scale bar 100 um). H — close-up of the acanthose ray of G (scale bar 100 um). * I, J - UB W 438. I, morphotype H-II (scale bar
100 um). J — close-up of the acanthose ray of I (scale bar 50 um). « K — UB W 440, morphotype P-I (scale bar 100 um). « L — UB W 441, modified
pentactine, note the rostrum-like extremity of the central ray (scale bar 200 um). * M — UB W 442, morphotype P-II (scale bar 100 um). P and H refer to
pentactine and hexactine spicules, respectively. For the descriptions of the different spicule morphotypes, refer to the text.




Bulletin of Geosciences * Vol. 87, 3, 2012

end of one broken-off arm there is a tiny sub-ovoid fila-
ment of 3 um length and 1 pm width protruding from the
broken surface (Fig. SH). The remaining microstructures
observed inside the spicule are similar to the structures pre-
sent on modern sponge spicules (Simpson 1984). The thin
concentric layers are deposited around an organic filament
and indicate incremental spicule growth.

Discussion

Spicule association
with modified hexactinellid spicules

In recent decades many authors have reported sponge spi-
cules with complex and specialized shapes from Early Pa-
lacozoic deposits (e.g., Bengtson 1986, Bengtson et al.
1990, Zhang & Pratt 1994, Dong & Knoll 1996, Mehl
1998), yet sponges including spicules similar to the associ-
ation found in the Alum Shale Formation are extremely
rare. Sponges including specialized spicules, in which the
distal ray is elaborated into a knob-like expansion, have
been reported several times from Early Palacozoic deposits
[e.g., Stioderma Finks, 1960; Konyrium Nazarov & Popov,
1976; Rigbykia ruttneri (Mostler & Mosleh-Yazdi, 1976);
Thoracospongia Mehl, 1996]. However, none of these
sponges are directly comparable to the spicule association
reported here.

Rigby (1975) reported a comparable sponge spicule as-
semblage from the Furongian Wilberns Formation of
Texas, but his association of peculiar isolated spicules was
not named. In the following discussion, we will refer to
Rigby’s spicule association as ‘Spicule Association Type
I’ (or ‘SAT TI') and the one described in this paper as
‘Spicule Association Type II (or ‘SAT II’). Spicule types
and sizes of our material are in general agreement with
those described by Rigby, but in addition to minor morpho-
logical differences that might be explained as intraspecific
variability, ‘SAT I’ and ‘SAT II’ display differences in
some aspects. Firstly, we agree with Rigby’s opening re-
marks and consider the three different spicule types as part
of the same sponge skeleton. The spicules were recovered
from different nodules in several localities, but in every
case the regular triaxon spicules (Fig. 2), the acanthose
triaxon ones (Fig. 3) and the modified obese spicules
(Fig. 4) were associated together in the etching residues.
Concerning the acanthose spicules found in the ‘SAT T’,
the modified central ray is elaborated into an elongated,
swollen, ornamented shaft and generally forms the longest
and the largest part of the spicule (Rigby 1975; his
text-fig. 1E-G). These acanthose spicules match the mor-
phology of the acanthose spicules of morphotype H-IIT and
P-I(Fig. 3D-E, K) of the ‘SAT II’, but the ‘SAT I’ seems to
lack the other morphotypes of acanthose spicules present in
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‘SAT II” (Fig. 2 A-C, I, M). In addition, Rigby’s ‘SAT I’
includes specialized obese spicules that are fused together
(his text-fig. 1M). ‘SAT II’ lacks these fused spicules;
some of them are attached to each other, but they never
merge together (Fig. 40). In light of these new data, we
consider these two types of spicule associations, ‘SAT I’
and ‘SAT II’, as representatives of two different unnamed
hexactinellid sponge taxa. Until these two taxa are recov-
ered as articulated body fossils or more extensive material,
it will not be possible to develop a clear idea of the diagnos-
tic characters of these respective taxa. We also leave our
spicule association unnamed until we find more material
and reinvestigate the material published by Rigby (1975)
for a more detailed morphological comparison.

Mostler & Mosleh-Yazdi (1976) retrieved isolated
sponge spicules from the Mila Formation (late Cambrian)
of Iran, which also are comparable in shape to those re-
ported by Rigby (1975) and here. On the basis of these
obese pentactine and hexactine spicules and the co-occur-
ring spicules, Mostler & Mosleh-Yazdi (1976) erected the
name Rigbyella ruttneri to accommodate this peculiar
spicule association. Although spicules of R. ruttneri share
the basic morphology range as the spicules from the
Wilberns Formation of Texas and the Alum Shale Forma-
tion of Sweden (i.e., the regular triaxon spicules, the
acanthose triaxon spicules and the obese ones), spicules of
R. ruttneri exhibit features that are clearly missing in the
spicules of ‘SAT I’ and ‘SAT II'. First, the obese spicules
described by Mostler & Mosleh-Yazdi (1976; their plate 3,
figs 1, 3, 5 and plate 5, figs 8—10, 13—18) have a central ray
elaborated into an egg-shape body, like the obese spicules
of ‘SAT I’ (Rigby 1975; his text-fig. IH-R) and ‘SAT II’
(Fig. 4), but the cluster of lateral rays comprises a mixture
of reduced rays and greatly inflated rays. Moreover, a strik-
ing morphological difference concerns the extremity of the
main ray (= central ray) in the different spicule types. Most
spicules develop a central ray that has a complex extremity.
The tip of the main ray can be split into several rods, usu-
ally 2 to 5, and has a crown-like appearance in cross section
(Mostler & Mosleh-Yazdi 1976, their plate 5). The extrem-
ities of the main ray in the spicules of ‘SATI” (Rigby 1975)
and ‘SAT II’ (this paper, Figs 2—4) never developed into
this complex terminal structure.

Although spicules of R. ruttneri, ‘SATT" and ‘SAT II’ are
similar in many morphological aspects, the different spicule
associations probably represent different species. Altogether,
they appear to have formed a single group of early Paleozoic
sponges characterized by the presence of greatly inflated
spicules (obese spicule type) in their skeleton.

On the basis of comparative morphology, ‘SAT I’ and
‘SAT II’ appear to have been more closely related to each
other than to R. ruttneri. The situation in ‘SATI” and ‘SAT
IT’ also could represent the more plesiomorphic condition,
but since there is no suitable outgroup available, we cannot
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Figure 4. Modified hexactinellid triaxon spicules in which the central ray is obese and the lateral ones reduced. * A — UB W 443, poorly preserved obese
pentactine. * B — UB W 444, obese pentactine, the central ray is completely filled with silica but no residual microstructures are preserved.  C — UB W
445, regular obese pentactine. * D —UB W 446, regular obese pentactine. * E—UB W 447, oblique view of obese pentactine. * F—UB W 448, oblique view
of an obese pentactine. * G— UB W 449, oblique view of an obese pentactine, note the constriction at the base of the reduced lateral rays (arrows). « H— UB
W 450, obese pentactine with the lateral rays situated on the rim of swollen central ray (arrows). * I — UB W 451, lateral view of an obese pentactine, the
modified central ray is ball-shaped. « J — UB W 452, lateral view of an obese pentactine with an elongated swollen central ray. « K — UB W 453, obese
pentactine, note the bulging structure popping up close to one of the lateral rays (arrow). « L — UB W 454, obese pentactine, the regular lateral rays are re-
placed with a bulging structure with no opening. * M, N — UB W 455. M — posterolateral view of an obese hexactine, note the rostrum-like extremity (ar-
row). N — oblique view of an obese hexactine with supernumerary lateral rays (arrow). « O — UB W 456, two obese pentactines with joined lateral sides,
but no trace of fusion. Scale bars = 100 pm, except in L, there scale bar = 50 um.
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yet determine this. In this context, it is worth pointing out
that the skeleton of the sponge S. coscinum is characterized
by an outer layer of modified hexactine spicules, in which
the distal rays are “universally enlarged into a spherical or
club-shaped knobs” (Finks 1960). This sponge seems to be
particularly relevant to the possible systematic affinities of
the aforementioned sponges and their phylogenetic con-
text. It is equally conceivable that the presence of greatly
inflated spicules in the skeletons might represent a case of
morphological convergence. A complete reinvestigation
of the different type materials and/or the new discovery
of body sponge fossils would, therefore, be helpful in order
to clearly assess the diagnostic features of each taxon. This
could help us to understand whether the morphological
variability observed between the different major spicule
types would be better understood as intraspecific variabil-
ity (i.e., ontogenetic variability or inter-individual variabil-
ity), or as true species-level distinctions.

Remarks on the associated sponge spicules

The fork-like spicule (Fig. SA-D) comes from the upper
part of the Cambrian Alum Shale Formation (Fig. 1A), but
this morphology rarely has been found in Cambrian rocks
from elsewhere. The morphology of the spicule is rather
unusual, but suggests that the spicule was part of a skeleton
of a hexactinellid species. Dong & Knoll (1996, their
fig. 6.6) illustrated a pentactine spicule from their Paibi
section from the late Cambrian in Hunan, China. This pen-
tactine matches the overall shape of our pentactine spicule,
but the rays of their specimen appear rather smooth. Howe-
ver, their material is coarsely preserved, thus it is difficult
to interpret. Spicules roughly similar in shape to our Cam-
brian fork-like spicule were also described by Mostler
(1990, his plate 3, figs 5, 7, 11, Lower Jurassic rocks in
North Alps) and Kozur ef al. (1996, their plates 1, fig. 12,
plate 5, fig. 4) from lowermost Ordovician rocks of central
Nevada as four-rayed sceptrule (scopule type; Boury-
Esnault & Riiztler 1997). The specimen presented here
could represent one of these scopules, but the lack of cir-
clets and spine-like ornaments on the rays speaks against
this assumption. It is noteworthy that a stratigraphically
younger sponge, the brachiospongioid hexactinellid Pseu-
dolancicula exigua Webby & Trotter, 1993, enclosed in its
skeleton monoaxons ornamented with goblet- to saucer-
shaped frills entirely encircling the axis (uncinates; Webby
& Trotter 1993, Botting 2005). The frills terminate in a cir-
cumferential array of numerous elongated or short spines.
Although the apparent morphology of these spicules is
radically different from our Cambrian type I spicule, the or-
namentation of the main axis is fairly comparable to the
one seen on the derived uncinates of P. exigua. Until more
material is collected, we consider the spicule as a highly
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modified pentactine megasclere from an unknown Cam-
brian hexactinellid sponge.

The morphology of our Cambrian type II spicule is
rather unusual but the presence of an axial structure that re-
sembles broadly the axial filament of a sponge spicule and
successive concentric lines encircling it give little doubt
about its sponge affinity (type II, Fig. SE-I). The original
composition of the spicule could not be established so far.
Most of the spicules found in the Alum Shales are siliceous
in composition (Figs 2-4). Assuming an original siliceous
composition, the spicule would represent the first example
of replacement of biogenic silica by phosphate apatite in
the ‘Orsten’ deposits of Sweden, yet it appears to be an ex-
tremely rare event in the fossil record. The overall mor-
phology of the spicule gives no clue regarding its primary
composition because none of the known calcarean, hexa-
ctinellid and demosponge (either lithistid or non-lithistid)
mineral spicules match the morphology of the spicule (e.g.,
Boury-Esnault & Riitzler 1997). However, it is noteworthy
that replacement of calcium carbonate or organic matter by
phosphate is the typical mode of preservation in the
‘Orsten’ deposits (Maas et al. 2006 and references therein).

As mentioned above, none of the spicules secreted by
known extant and fossil taxa resemble our rype II spicule.
Most spicules of extant hexactinellids and demosponges are
secreted around a proteinaceous axial filament. In cross-sec-
tion this structure is square-shaped in hexactinellids and tri-
angular to hexagonal in demosponges (Uriz 2006). The axial
filament preserved inside the spicule is sub-ovoid in shape
(Fig. 5H), which argues against any close relationship with
extant hexactinellid and demosponge taxa. Yet, in the ab-
sence of supplementary material it is rather difficult to deter-
mine if it is an original feature or a taphonomic artifact.

Nevertheless, few in-group demosponges are of partic-
ular interest. Commonly known as ‘keratose’ demo-
sponges (Verongida, Dictyoceratida and Dendroceratida),
they have lost their mineral skeletons in favour of skeletal
structures of organic collagenous material (spongin fibres
and spiculoids; e.g., Bergquist 1980). Although the organic
spiculoids are secreted in concentric layers as well, they
have a definite shape, roughly similar to some of their min-
eral counterparts. These are diactinal, triactinal or
tetractinal spicules, and they obviously do not match the
shape of our Cambrian spicules (e.g., Bergquist 1980). Our
specimen bears rough morphological similarities with a
fragmented anastomosing meshwork of pithed fibres pro-
duced by ‘keratose’ demosponges. The spongin fibres
show a set of peripheral concentric laminations and can be
pithed, fully or partially cored with detritus and spicules or
totally clear of foreign inclusions. In addition, possible fos-
sil representatives of ‘keratose’ demosponges are known
from the middle Cambrian Burgess Shale (Rigby 1986,
Reitner & Worheide 2002) and the middle Cambrian of
Utah (Rigby et al. 2010), yet one has to be cautious before
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Figure 5. Unidentified sponge spicules. * A-D — UB W 457, tetraradially symmetrical pentactine (?) with four acanthose short lateral rays diverging at
160° from the main elongated ornamented central ray (arrows). A—C — three complete views (scale bar 100 um). D — close-up of the lateral rays, these are
swollen and acanthose (scale bar 50 um). « E-1 - UB W 458, asymmetric spicule irregular in shape. E — top view, arrows indicate the node-like projections
(scale bar 100 um). F-G — two different views (scale bar 100 um). Up-arrows point to the stepped extremities of two branching shafts and down-arrows indi-
cate positions of close-up views depicted in H and I. * H — close-up of a broken tubular arm-like projection (cf. F) with concentr and axial fila-
ment preserved (arrow le bar 10 um). * I —close-up of G, note the concentric growth lines and the axial canal i id a /s, scale bar 20 um).
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considering Vauxia-type fossils as a ’keratose’ sponge
(e.g., Rigby 1980, Botting 2005). Although an organic ori-
gin could fit better with the ‘Orsten’-type preservation,
morphological evidences in favour of this interpretation
are not convincing at all from the material at hand.

The asymmetrical shape of the spicule and irregularities
seen all over the surface (Fig. 5SE-G) also might suggest that
the spicule architecture could be the result of a combination
of several spicules. Fused skeletons of hexactinellids are the
product of a fusion process of their hexactine-based
megasclere spicules (Leys et al. 2007), and typical
hexactinellid megascleres are monoaxons and triaxons.
Spicules can be joined with deposition of secondary silica in
various ways: by spot-soldering at points of spicule contacts,
by formation of anaxial bridges between distant spicules, or
by enclosure of rays or spicules within a continuous layer of
silica (Leys et al. 2007). If so joined, the spicule junctions
would have been covered with additional mineral layers dur-
ing the process because no junction could be clearly identi-
fied. This might characterise a process of true fusion, which
is a feature of hexactinellids. As mentioned above, the axial
filament form and the asymmetrical shape of the spicule are
not typical of either demosponges or hexactinellids. Alto-
gether this makes it very likely that the specimen is a spicule,
perhaps fused, from an early derivative of the poriferan stem
lineage. The morphology of the spicule appears unique
among fossil sponges and likely represents a part of a skele-
ton of a new sponge species. Owing to the paucity of the ma-
terial, we refrain from erecting a new taxon name on the ba-
sis of a single isolated spicule.

Concluding remarks on the Alum Shale biota

The spicules reported here were found exclusively in
‘Orsten’ limestone nodules; no articulated remains have
been found in the surrounding shales (alum skiffer). The
‘Orsten’ nodules, therefore, appear to open an unusual tap-
honomic window into the original fauna that inhabited the
Alum Shale Sea during late Cambrian time (Miiller & Wa-
lossek 1991). As demonstrated here, sponges were present
on the sea floor of the Alum Shale Sea from the late Middle
Cambrian (Series 3, Agnostus pisiformis Biozone) onward.
The spicule assemblages recovered from the Alum Shale
Formation, with dominantly obese and acanthose pentactine
and hexactine spicules, exhibit a wide range of variability,
but the demonstrable sponge diversity appears rather low.
In the lower part of the Alum Shale Formation, the pre-
sence of few regular hexactines and a single type 11 spicule
indicates that at least one hexactinellid species and an uni-
dentified, possible early derivative of the poriferan stem li-
neage, were components of the Alum Shale fauna. In the
upper part of the Alum Shale Formation, one hexactinellid
species, represented by ‘SAT II’, dominated the sponge as-
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semblages at that time. The distinct type I spicule indicates
the presence of at least one other hexactinellid species, but
possibly several other hexactinellid species could have
co-occurred as well, given that regular hexactine-based
spicules are common to most hexactinellids. Although the
composition of the spicule assemblages is rather consistent
among the various investigated localities at the Vister-
gotland area, it is rather unusual for a sponge assemblage to
be almost monospecific. Early Palacozoic spicular sponge
faunas from middle-to-deep muddy shelf and basinal envi-
ronments comprise mainly monoaxonid demosponges and
hexactinellids (e.g., Botting 2007, Carrera & Botting 2008;
see references therein). Such assemblages comprise, in ge-
neral, several species, but do not contribute to the fauna in
the same way; some are dominating in terms of proportion,
other occur only occasionally. This might suggest that
the sponge faunas recorded in the Alum Shale are partially
biased due to a sampling issue, with one species (‘SAT II")
being either more common or much larger (skeleton made
of more spicules) than the others. Further collecting is li-
kely to reveal more taxa.

The sea floor represented by the Alum Shale formation
is generally considered to be a soft-bottom environment of
detrital particles of aluminosilicate clays (e.g., Miiller &
Walossek 1991, Walossek 1993) but locally can contain
abundant silt-size quartz and carbonate grains (abstracts:
Newby et al. 2011, Egenhoff ef al. 2012). In addition, on-
going studies report the constant presence of benthic activ-
ity (i.e., vertical and horizontal burrows) all over the sea
floor (Newby et al. 2011, Egenhoff et al. 2012). Alto-
gether, these findings suggest that the sea floor of the
Alum-Shale Sea was characterised by a diffuse sedi-
ment-water interface, i.e., a mixed flocculent layer that is
partially homogenized by bioturbation, with a fairly high
water content and poorly developed seafloor microbial
mats (Phanerozoic soft substrate; see Dornbos et al. 2005
and references therein). The presence of sponges inhabit-
ing this environment indicates that the sponges should have
been adapted in their form of attachment to this environ-
mental setting; otherwise the organism might suffer top-
pling or sinking into the soft sediment and would not be
able to survive. There are various strategies used by
sponges to live on such soft substrate (Mehl 1992, Krautter
1997, Dornbos et al. 2005, Carrera & Botting 2008), and
which of these strategies is favoured depends mostly on
ecological factors (e.g., substrate conditions, water energy,
sedimentation rate, available space, seawater chemistry).
Modern hexactinellid sponges usually are found on or-
ganic-rich muddy sediments (Tabachnik 1994, but see
Vacelet et al. 1994) and were capable of living in this type
of environment already in the early Cambrian and probably
earlier (e.g., Steiner et al. 1993, Xiao ef al. 2005). Sponge
sea-floor adaptations include mainly shallow and deep
sediment-stickers, attachment to hard surfaces, sediment
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resters, snowshoe-like strategies, increased body size and
root-like adaptations (Carrera & Botting 2008 and refer-
ence therein). Swollen roots and root tuft apparatuses pro-
ject downward from the lower end of the body and ensure a
strong attachment to the bottom and a stable growth posi-
tion. Many sponges can secrete long basalia spicules
(sometimes hooked) that anchor the sponge body in soft-
bottom sediment in various ways (e.g., Weaver ef al. 2011,
their fig. 7; Wu et al. 2005 and references therein). Organ-
isms such as molluscs, brachiopods, echinoderms, other
sponges and microbial mats could form a suitable biogenic
hard substrate for epizoic sponges to rest on the ground
and/or anchor on the ‘ground’ by the mean of a spongin
basal plate. Other sponges do not bear any kind of root
structures, but they could still live partly buried into the
sediments due to particular adaptive structures (e.g.,
Werding & Sanchez 1991). In addition, incorporation of
foreign material (e.g., sedimentary particles) in different
parts of the body also could help to anchor and stabilize the
sponge body to the substrate (Cerrano et al. 2007). How-
ever, these strategies are used mainly by sponges (mainly
demosponge taxa) living in modern turbulent environ-
ments. This behaviour is known in few demosponges and
thick-walled hexactinellids only from an Ordovician shal-
low and turbulent siliciclastics-dominated environment
(Botting 2005).

In rock samples from the Agnostus pisiformis Zone
(Fig. 1A), sponge remains are rare and occur mostly with
an abundant arthropod meiofauna, some cyanobacteria
(Castellani er al., in prep.), rare ‘worms’ of various affini-
ties (Castellani et al., in prep.), and some inarticulate
brachiopods. In contrast, in the upper part of the Alum
Shale Formation sponge spicules are abundant, but co-oc-
curring brachiopods and other meiofauna animals are less
abundant. It is noteworthy, that cyanobacteria seem to dis-
appear at the Series 3-Furongian limit in the Alum Shale
Formation (CC, pers. obs., 2009-2011). In early Palaeo-
zoic hexactinellids, root-like structures are used to attach
the sponge body into muddy and sandy substrates as well.
However, rock samples with spicules lack any kind of
basalia spicules that might have contributed to a root-like
base. Their absence may suggest that they were attached to
the sea floor in a different manner. Other organisms that
could provide harder-ground conditions, such as molluscs,
are apparently lacking, but co-occurring inarticulate
brachiopods, filaments of cyanobacteria and other shell de-
tritus could have been used for settlement. It is also possi-
ble that some sponges rested on the sea floor freely as sedi-
ment resters or used a snowshoe-like strategy. Given the
wide range of anchoring strategies in sponges, too little is
actually known to draw pertinent conclusions on the at-
tachment strategies of those different sponges and on the
substrate conditions on the basis of isolated sponge
spicules. However, the presence of sponges in the Alum

Shale Formation suggests that the substrate of the bottom
of the Alum Shale Sea might have been, at least locally,
firmer than previously expected. Ahlberg er al. (2005) re-
covered from the Peltura (Fig. 1A) part of the Alum Shale
Formation a few phosphatic fragments of various affini-
ties. Among these fossils, they identified remains of possi-
ble camaroid graptolites, ‘pelmatozoan’ echinoderms and
possible conulariids (note that the latter identification is, in
our view, rather unlikely; CC, pers. obs., 2009-2011). In
addition, during our investigations several stem columnals,
most likely of eocrinoids, were found in the Agnostus
pisiformis Zone (unpublished data). These organisms are
all considered as benthic sessile organisms living attached
to the sea floor, or at least to a biogenic surface. The co-oc-
currence of sponges with a diverse sessile community in
the Alum Shale Sea suggests that the substrate of the Alum
Shale Sea could have been firm enough to allow these or-
ganisms to invade and colonize the sea floor in the absence
of specific structural adaptations (Ahlberg et al. 2005).
This condition in the Alum Shale Sea might have been
restricted spatially and temporally, thus limiting the geo-
graphic distribution of these types of sessile organisms.
However, until a more complete overview of the Alum
Shale biotas is presented (the non-arthropod material is
currently being studied by CC), uncertainties over the sub-
strate properties of the Alum Shale Sea will remain.
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