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Abstract—The chemical composition of sponge spicules was studied based on the debatable fossil early Cam-
brian sponge Lenica unica Gorjansky, 1977 from the Siberian Platform. The study has shown that the skeleton
of this giant sponge is built of large monaxon megascleres that are a natural carbonate—silica—organic com-
pound with a complicated chemical composition. The data we obtained confirm that the earliest early Cam-
brian sponges formed skeletal elements of a mixed carbonate—biosilica composition. The authors suggest that
this skeleton composition was the initial for all spiculate sponges.
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INTRODUCTION

The modern biota includes approximately 8000 spe-
cies of sponges. More than 75% of them are animals
with a siliceous skeleton: most common sponges
(Demospongiae) and all known glass sponges (Hexac-
tinellida). Their skeleton consists of individual com-
posite biosilica spicules. Representatives of three
classes of sponges (hexactinellids, demosponges, and
homoscleromorphs), which form a biosilica skeleton,
make a significant contribution to the silica cycle on
the Earth. Before the appearance of abundant silica-
secreting plankton in the Mesozoic Era, sponges were
one of the most important accumulators of dissolved
silica [26]. In this process, the role of glass sponges is
especially noticeable; up to 95% of the dry weight of
animals is concentrated in their biosilica spicules [6].
At present, most hexactinellids are deep-sea animals
capable of concentrating significant volumes of silica
on a small area of the ocean floor [5, 9, 20]. As an
example, there are reefs formed by hexactinellids. The
extremly large reef system that was formed by glass
sponges and stretched for 7000 km in the northern basins
of the Tethys Ocean and the ancient North Atlantic
developed in the Late Jurassic Epoch [10, 18, 27].

However, ancient representatives of siliceous
sponges remain a mystery in many ways. First,
because biogenic silica is quickly replaced by other
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minerals (for example, carbonates, phosphates and
pyrite) when it settles into sediments. Secondly, only a
few of the earliest (Cambrian) sponges built skeletons
from spicules that are similar to spicules of modern
sponges.

Hexactinellids and demosponges appeared at the
very beginning of the Cambrian Period approximately
538 million years ago (Ma). Among them, the first reef
builders were demosponges of the family Antaspidell-
idae that possessed a massive skeleton of coalescent
dendroclone- and desma-type spicules. In reefs,
antaspidellids replaced the aspiculate hypercalcified
sponges, that is, archaeocyaths [2, 19]. At present, a
great number of fossil hexactinellids and demosponges
are known and these remains are not only separate
spicules, but also whole skeletons containing biosilica
compounds [22]. They constituted an essential part of
the fossil biodiversity in the Cambrian paleocommu-
nities and were abundant [16]. Moreover, it was in the
early Cambrian time that biogenic siliceous deposits
began to form, taking the place of abiogenic deposits;
biogenic siliceous deposits, represented exclusively by
spiculites, that is, marine sedimentary rocks, are com-
pletely built by spicules of siliceous sponges and by sil-
ica deposited at their dissolution [8]. In the Ordovi-
cian—Permian strata, approximately half of the bio-
genic sedimentary rocks are formed of spiculites.
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Fig. 1. The sponge Lenica unica; lower Cambrian, Botoman Stage, Sinsk Formation; the Republic of Sakha (Yakutia). (a) general
view of the spiculate/ skeleton, specimen PIN No. 4349/630, the Lena River; (b) fragment of the spicule skeleton, the Buotama
River; (c) spicule detail; (d) detail of a spicule showing impregnation of amorphous silica in calcite. Scale: (a), (b), 10 mm; (c),
(d), 1 mm.

In this work, we studied the fossil early Cambrian
sponges in order to clarify the taxonomic position of
the ancestral forms of silicon sponges and the elemen-
tal composition of their spicules.

MATERIALS AND METHODS

The collection of the material was carried out in the
Republic of Sakha (Yakutia) with the assistance of the
Administration of the Lena Pillars Natural Park. The
studied material is a sample of the lower Cambrian
calcareous mudstone with a fragment of a skeleton of
the sponge Lenica unica Gorjansky, 1977 (Figs. la—
1d). The sample belongs to the Sinsk Formation
located in the basin of the Buotama River, the right
tributary of the Lena River in its middle reaches. The
Sinsk Formation was formed in the middle of the Bot-
oman Age of the early Cambrian time (approximately
513—511 Ma) in the relatively deep-water and low-
oxygen eastern part of the epicontinental sea that cov-
ered the Siberian Platform [30]. The platform was a
separate continent, that is, Siberia, which was located
at that time in tropical latitudes [25].

To study the elemental composition, the samples
were preliminarily washed with a solution of hydrogen
peroxide. An elemental analysis of the material was
carried out using the point method: in a certain part of
the sample, several points were selected to form a sec-
tor. The elemental composition of the material at these
points was determined using energy dispersive X-ray
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spectroscopy (EDX) on a Zeiss Evo 40 scanning elec-
tron microscope (SEM) equipped with an X-ray ana-
lyzer and the INC software. A quantitative analysis of
the elemental composition of the host rock (in the form
of a powder) was carried out at Lomonosov Moscow
State University (Faculty of Geology) with the use of a
vacuum wave-dispersive X-ray fluorescence spectrom-
eter SPECTROSKAN-MAKS-GV equipped with a
high-resolution LiF (200) diffraction crystal.

To determine the organic matter and minerals that
form spicules, we used the method of Raman spec-
troscopy, which makes it possible to recognize the
structure of the crystal lattice. In our work, Raman
spectra were obtained using a Via Reflex Raman
microspectrometer (Renishaw, UK) in combination
with a Leica DM2500M universal microscope (Leica-
Microsystems, Germany) with an Olympus objective
(Japan). Excitation was achieved using a diode laser at
a wavelength of 532 nm and a power of 1.0 mW at the
object level; the exposure time was 10 s. To obtain the
total spectrum, measurements were performed in 10—
20 replicates.

RESULTS

The studied sample is a calcareous mudstone (cal-
careous-argillaceous siltstone) containing large
monaxial spicules (megascleras-diactins) of the
sponge Lenica unica (Figs. 1la—1d). The mudstone
matrix, according to X-ray fluorescence spectrometry
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Fig. 2. A spicule of the Lenica unica sponge, SEM (a) and the elemental composition (% of mass) of amorphous silica (b) and calcite
(c) according to the results of EDX analysis. Asterisks mark points of analysis (as, amorphous ilica; ¢, calcite). Scale: 100 um.

data, is almost entirely composed of calcium carbon-
ate (70—71%) with an admixture of clay minerals
(Si0,, 20—21%; Na,O, 2.55-2.77%; K,0, 1.06—
1.08%; Al,0,, 0.76—1.08%; MgO, 0.69—0.96%;
Fe,0;, 0.44—0.53%; TiO,, 0.25%); phosphates (P,Os,
0.11—0.23%); and sulfides (S, 0.84—1.15%).

Spicules are composed of crystals of several miner-
als. A light microscope displays an alternation of light
and dark layers interspersed with a dark-colored min-
eral (Figs. 1b—1d). SEM shows that the dark mineral
is tightly embedded into the light layers (Figs. 1c, 1d).
X-ray spectroscopy made it possible to determine that
the light layers are formed by calcium carbonate and
the dark layers by iron oxyhydroxide. The inclusions
(Figs. 2a—2c¢) are dominated by carbon (12%), oxygen
(60%), and silicon (30%). Calcium and iron are found
in trace amounts (approximately 1%). The layers of
iron oxyhydroxide (Fe, up to 45%; O, approximately
45%) also contain carbon (up to 9%) and calcium
(approximately 4%), but there is practically no silicon
(approximately 1%).
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X-ray spectroscopy data are confirmed by Raman
spectroscopy (Fig. 3). The Raman spectrum without
fluorescence background shows peaks in the range of
129—400 cm™!, corresponding to iron- and sulfur-
containing compounds (Fig. 3). The well-defined
peak at 466 cm~! corresponds to the amorphous silica
band, which is due to the symmetric stretching mode
of the Si—O—Si bond, which is the main vibration of
quartz (SiO,). The 1087 cm™! band corresponds to
calcium carbonate in the form of aragonite. Two well-
pronounced peaks correspond to the peaks for organic
matter assigned to the G band (graphite) at approxi-
mately 1598 cm~! and to the D band (defect band) at
approximately 1310—1430 cm™!.

The Raman spectrum of calcium carbonate, in
which the biosilica mineral is impregnated, does not
differ from that shown in Fig. 3. Since the shift of the
Raman combination scattering curve is due to the
strong parasitic luminescence of the sample at a given
excitation wave, the analysis needs to remove the
background illumination (operation of background
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Fig. 3. Overlapping Raman spectra showing the main bands of amorphous silica of the Lenica unica spicule and its organic matter
content. Modes 129—400 cm ™! correspond to iron-containing and sulfur-containing materials; the peak at 466 cm™ " corresponds

to the band of amorphous silica; the peak at 1087 em™! corresponds to calcium carbonate, the peak at approximately 1598 cm

corresponds to organic matter (graphite).

radiation subtraction). The spectrum has a well-pro-
nounced peak at 1087 cm™!, corresponding to the peak
of aragonite, and a very weak signal from silica, the
peak of which is at 466 cm™!.

DISCUSSION

Raman spectroscopy is widely used for analysis of
an elemental composition of complex-component
compounds. The spectra of iron and sulfur-containing
compounds were obtained earlier [28]. Amorphous
silica and other silicon compounds [4], and calcium
carbonate in the form of aragonite [ 13] have been stud-
ied in many publications. The earlier results were also
used for identification of organic matter [15].

The presence of iron oxyhydroxide in the spicules
of the sponge Lenica unica is probably explained by the
formation of this complex mineral from early diage-
netic pyrite, that is, iron sulfide, which, in turn, is usu-
ally formed as a result of the activity of sulfate-reduc-
ing sulfur bacteria [12]. Conditions favorable to this
formation could have developed both in the thin sedi-
ment enriched with organic matter, now represented
by the mudstone of the Sinsk Formation, and in the
anoxic bottom layers of the Siberian Sea Basin, where
it formed [21]. The dark color of the rock originates
from finely dispersed organic matter [1]. The data of
X-ray structural analysis and Raman spectroscopy
confirm the high carbon content in iron oxyhydroxide
and in amorphous silica of spicules.
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The sponge L. unica was discovered in a section of
the lower Cambrian Sinsk Formation of the Lena
River basin and was referred by the author to the class
of six-rayed sponges. Ivantsov et al. found in 2005
additional specimens of this species in the same strata,
these specimens contained spicules with an axial canal
including a trihedral organic filament [3]. This shape
of the filament, which serves as the template for the
spicule formation [23], indicates that L. unica belongs
to demosponges, regardless of whether the axial canal
was enlarged again due to the dissolution of the inner
layers of the spicule.

It has been found that sponges of this genus from
the lower Cambrian Hetang Formation of Anhui
Province (South China) have biminerallic spicules
and consist of an inner silica core, an organic outer
envelope and a middle probably calcium carbonate
layer (the elemental composition was determined
using EDX analysis). These data indicate that this
sponge does not belong to any of the recent classes but
is a transitional form between siliceous sponges (Sili-
cea: Hexactinellida + Demospongiae) and calcareous
sponges (Calcarea) and so occupies a basal position in
relation to these two main branches in the evolution of
the phylum Porifera [7].

Our data on the chemical composition of L. unica
spicules partly confirm the earlier conclusions. How-
ever, unlike Lenica sp. from the Hetang Formation,
the Siberian type species of this genus had not simply
biminerallic, but biosilica spicules. Moreover, a signif-
icant amount of carbon, oxygen, and silicon in inclu-
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sions indicates that the spicules are partially composed
not solely of amorphous silica, but of a biosilica com-
posite. The main part of the spicule was formed by cal-
cium carbonate, which has now turned into calcite.
However, such a mosaic calcite is a diagenetic mineral
and its precursor is mostly often aragonite, whose
crystallographic structure differs from that of calcite
[29]. The peak at 1087 cm™~! in the Raman spectrum
also corresponds to aragonite [13]. Aragonite is typical
of recent hypercalcified and some horny Demo-
spongiae, while spicules of calcareous sponges are
composed of magnesian calcite [24].

The data in [7] and our results on the study of the
composition of L. unica spicules show that very differ-
ent Cambrian sponges built their skeletons from spic-
ules of mixed carbonate—biosilica composition. Het-
eractinide sponges, which were previously considered
extinct calcareous sponges (Calcarea), and siliceous
sponges (Silicea), to which L. unica belongs, are
among them. Moreover, the spicules of L. unica have
also displayed a significant organic component. It is
interesting that a similar skeletal composition is char-
acteristic of recent aspiculate demosponges of the
order Verongida, the chitinous fibers of their skeleton
are covered with crystalline aragonite and amorphous
silica [11].

As studies of the early Cambrian hexactines and
pentactines (typical of the Hexactinellida) have
shown, these elements had also dense organic enve-
lopes, which are preserved even at complete dissolu-
tion of the mineral components of the spicule [14].
Taken together, these data suggest that at the begin-
ning of their evolution, sponges might have had a
three-component skeleton, which has been main-
tained in some extant forms. However, judging by the
findings of specific spicules in strata of 538—520 Ma
[2], as early as in the first half of the early Cambrian,
sponges split into two branches,“calcareous” and
“siliceous,” from which all recent classes of sponges
developed by the middle of the Cambrian Period.

One of the modern scientific directions in the field
of extreme biomimetics pays much attention to the
study of composite biosilica materials created on the
basis of biominerals [11, 17]. However, modern glass
sponges are benthic animals that form large settle-
ments mainly at great depths of seas and oceans; their
species diversity accounts only for 7% of the total
diversity of sponges [24]. Therefore, the search for the
most ancient siliceous sponges and their accumula-
tions is also important for elucidating the possibility of
using fossil spiculites and ancient sponge reefs as raw
materials with a high silica content.
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