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Abstract

After the end-Permian mass extinction, the Early Triassic (~251.9 to 247 Ma) is

characterized by several biotic crises that particularly affected marine faunas;
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accordingly, marine ecosystems from this unstable interval have been often described as
heavily depauperate. This assumption, however, may relate to a biased fossil record. The
discovery of taphonomic windows, like Konservat-Lagerstdtten, in the Early Triassic
would help to better understand the composition and diversity of ecosystems at that
time. The Paris Biota (Idaho, USA) is a highly diverse fossil assemblage from the earliest
Spathian (middle Olenekian, ~250.6 Ma), indicating a rapid rediversification for many
groups after the end-Permian crisis and pointing toward a remarkably complex marine
ecosystem ~1.3 m.y. after the Permian-Triassic boundary. However, its detailed
taphonomy has not yet been investigated. Here we present the mineral characterization
of four of its most abundant taxa: discinoid and linguloid brachiopods, leptomitid
sponges, and caridean shrimps. For this purpose, we combined data from Raman
microspectroscopy, Fourier Transform InfraRed spectroscopy, and SEM-EDXS. Although
all taxa were preserved in calcium phosphate, the morphology, structuring and size of
crystals are highly dissimilar at a nano- to micrometric scale. In brachiopods, the
ultrastructure of calcium phosphate shows unorganized bacillary-like crystals, while in
crustaceans their size is considerably smaller and round-shaped. Similar small crystals
are observed in sponges. However, the ultrastructure of calcium phosphate in sponges
exhibits a well-defined preferential orientation. In addition, sponges show some
compressed but preserved three-dimensional features, with an inner surface better
preserved. Such analyses are essential to understand the taphonomic pathways enabling
exceptional preservation. The further comprehension of preservation features would

help to understand potential bias on observed diversity signals and their interpretation.
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1. Introduction



The biotic crisis at the Permian-Triassic (PT) boundary (~251.9 Ma) was the
most severe Phanerozoic mass extinction (Raup, 1979). Subsequent environmental
conditions during the Early Triassic were portrayed as unstable, with recurrent changes
in water temperature ( Sun et al,, 2012; Romano et al,, 2013), large-scale fluctuations of
the global carbon cycle, and harsh marine conditions including a combination of ocean
acidification, euxinia and fluctuating productivity (Payne et al., 2004; Galfetti et al., 2007;
Grasby et al,, 2013). Associated with this catastrophic scenario, marine benthic
ecosystems have frequently been assumed as heavily depauperate in diversity, showing
a delayed and spatio-temporally heterogeneous recovery (Beatty et al., 2008; Hofmann
et al.,, 2014; Foster et al., 2015). In contrast with this delayed recovery scenario, an
exceptionally well-preserved and complex Early Triassic marine biota from Paris
Canyon (Bear Lake County, south-eastern Idaho, USA) has been described recently
(Brayard et al., 2017). The occurrence of the ammonoid Tirolites harti Smith, 1932
indicates an early Spathian age (middle Olenekian, ~250.6 Ma, i.e., only ~1.3 m.y. after
the PT boundary) for this biota (Brayard et al., 2019b). Therefore, it constitutes the
oldest Early Triassic complex marine ecosystem known so far. The existence of this
Konservat-Lagerstiitte, i.e., deposits with exceptional preservation of fossils (Seilacher,
1970), is all the more surprising as it immediately follows a second severe extinction at
the end of the Smithian (Orchard, 2007; Brayard et al., 2009; Jattiot et al., 2016). This
crisis and its aftermath are associated in the sedimentary record with major
perturbations of the global biogeochemical cycles (Payne and Clapham, 2012), although
some local diagenetic phenomena have probably contributed to modify this signal
(Thomazo etal., 2016, in press). This period is also characterized by successive rises and
drops of seawater temperature (Romano et al., 2013). The discovery of an ecosystem as
diverse as the Paris Biota was thus highly unexpected (Brayard et al., 2017; Doguzhaeva
et al.,, 2018). On that ground, an understanding of the chemical processes leading to its
exceptional preservation is the aim of this study.

The fossil assemblage of the Paris Biota (PB) represents a diverse marine
ecosystem with a remarkable richness and abundance of sponges, brachiopods,
echinoderms, cephalopods, arthropods and vertebrate remains. These fossils represent
at least seven phyla and more than 20 orders, which indicate higher survival and post-
PT diversification rates than previously expected after the PT crisis and in the

immediate wake of the end-Smithian event, at least for several groups (Brayard et al,,



2017, 2019b; Doguzhaeva et al., 2018; Charbonnier et al.,, 2019; Romano et al., 2019;
Saucede et al,, 2019; Thuy et al., 2019). In addition, interest in the PB is enhanced by the
occurrence of highly unexpected taxa. Indeed, it combines early Paleozoic and middle
Mesozoic taxa previously unknown from any Triassic strata. Among those, usually
Cambrian-Ordovician leptomitid sponges (a ~200-m.y. Lazarus taxon; Brayard et al.,
2017; Botting et al., 2019) co-occur with gladius-bearing coleoids, a group that was
hitherto poorly documented before the Jurassic (~50 m.y. after the Early Triassic;
Doguzhaeva et al., 2018).

Fossils of the PB are flattened but sometimes preserve three-dimensional
features. Preliminary taphonomic data, notably the frequent occurrence of articulated
echinoderm and crustacean specimens, suggested a rapid entombment close to the
original habitat, and no evidence of microbial mat-enhanced preservation was found
(Brayard et al., 2017). This exceptional preservation of carcasses would be the result of
fine sedimentation and changes in sedimentation rate (Seilacher et al., 1985). In
addition, the occurrence of small framboidal and polyhedral pyrite suggests anoxic
conditions in the uppermost layers of the sediment (Wang and Morse, 1996), but
oxygenated bottom waters can be inferred from the abundance in the PB of benthic
organisms such as ophiuroids and crinoids.

The PB represents a relevant Konservat Lagerstdtte since it provides novel
information about Early Triassic macroevolution and taphonomic processes. However,
field observations and a thorough study of the fossil record should be complemented by
taphonomic investigations. In fact, experimental taphonomy is an increasingly
important field, essential for the correct interpretation of the fossil record. Laboratory
experiments were crucial to identify several taphonomic pathways that can be involved
in exceptional preservation such as:

- the effect of cell autolysis in the different tissues of the carcasses (Raff et al.,

2006, 2008; Butler et al., 2015);

- selective mineralization (Briggs and Kear, 1993; Hof and Briggs, 1997; Sansom et

al,, 2010; Sansom, 2016; Wilson et al., 2016);

- the presence of microbial communities and their interaction with carcasses

(Martin et al,, 2005; Raff et al., 2013; Iniesto et al., 2013, 2015, 2017);

- diagenetic factors like increasing temperature and/or pressure (Gupta et al,,

2007, 2006; Gupta, 2011; Bernard et al,, 2010, 2015).



However, the relationships among these processes remain unknown. In the particular
case of the PB, Brayard et al. (2017) report different types of mineralization. While
belemnoid hooks are preserved as carbonaceous structures, most of the fossils such as
sponges, arthropods, brachiopods and coprolites are preserved in calcium phosphate.
However, their mineralogical and taphonomic characterization at a microscopic scale
remains to be done. Here we describe the preservation of PB brachiopods (discinoids
and linguloids), caridean shrimps, and leptomitid sponges by means of different imaging
and spectroscopic techniques at the microscopic scale. These groups have been selected
for two main reasons: (i) they show high abundances in the PB, and (ii) some of them
had initially a mineralized shell (brachiopods), whereas others had an organic (i.e.,
proteinaceous and/or polysaccharidous) exoskeleton (shrimps and sponges).
Comparison between these two cases will help determining the potential influence of
these differences for preservation. In addition, sediment composition and mineralogy
was also characterized in order to determine their potential effect on the preservation of

the PB taxa.

2. Material and methods

A total of 30 specimens from the PB were analysed, including 10 leptomitid
sponges, 5 caridean shrimps, 5 lingulids, and 10 discinoids. All the specimens studied
here are housed at the Université Bourgogne Franche-Comté, Dijon, France (Table 1).
Fossils were selected randomly within the available samples and are representative of
their taxa. The mineralogy of fossils was determined by scanning electron microscopy
(SEM) coupled with an energy dispersive X-ray spectrometry (EDXS) detector, Raman
microspectroscopy, and Fourier transform infrared spectroscopy (FTIR). In addition, the
sediment forming the matrix of 5 fossils was also characterized by SEM-EDXS and X-ray

diffraction (XRD) (Table 1).

2.1. Scanning electron microscopy and energy dispersive X-ray spectrometry

For electron microscopy analyses, samples were coated with carbon. Images
were collected in backscattered and secondary electron modes using a JEOL JSM6400F
operating at 5 kV, with a 60 pm aperture at a working distance of ~5 mm. Analyses were
performed at a distance of ~15 mm and 15 kV. Elemental compositions were

determined using energy dispersive x-ray spectrometry (EDXS) with an Oxford



Instruments detector. EDXS maps were processed using the software INCA-Energy v. 2.1
(Oxford Instruments). SEM imaging and EDXS analyses were performed at the ARCEN
platform, Institut Carnot de Bourgogne (Université Bourgogne Franche-Comté, Dijon,

France).

2.2. X-ray diffraction (XRD), Raman microspectroscopy and micro-Fourier transform
infrared (micro-FTIR)

Fresh slabs of sediment were kept overnight at 37°C in an oven and dry-crushed
in a mortar until obtaining a homogeneous powder. XRD measurements were performed
using the Cu Ka radiation (1.54056 A) on a D4 Endeavor-Bruker diffractometer. Data
were recorded over a 2-65° (20) range with a step of 0.04° and a counting time of 0.5 h
per sample. XRD was performed at the Biogéosciences Laboratory (Université
Bourgogne Franche-Comté, Dijon, France).

Rationale for Raman analyses in taphonomic studies can be found in Beyssac et
al. (2003) and Bernard et al. (2008). Raman microspectroscopy was performed with a
Renishaw InVIA Reflex microspectrometer, using a 514 nm wavelength of a 50 mW
Modulaser Argon laser (green laser). The spectrometer was calibrated with silicon
standard. The laser was focused through a Leica DMLM microscope with a 50x objective
(NA = 0.55), and the laser power at the sample surface was set around 1 mW. Moreover,
7 fossils (2 sponges, 2 discinoids, 2 linguloids and 1 shrimp) were embedded in epoxy
resin and polished with diamond paste down to % pum in size in order to obtain thin
sections, which were useful to perform Raman without sediment interference. Raman
microspectroscopy was performed at the Institut de minéralogie, de physique des
matériaux et de cosmochimie, Université Pierre et Marie Curie, Paris, France.

u-FTIR analyses were performed on not-embedded samples of leptomitid
sponges, caridean shrimps and linguloid and discinoid brachiopods using a Bruker
Lumos p-FTIR microspectrometer with ZnSe beam splitter, DTGS detector and high-
pressure diamond ATR. A reference background spectrum (T0) was first measured at a
place away from the sample, and then transmission IR spectrum of sample (T) was
measured. The IR spectrum is described as IR absorbance (abs = -log10T/T0) as a
function of the wavenumber (cm-1). Spectra were acquired from 600 to 4000 cm~1. p-
FTIR was performed at the Institut de Chimie Moléculaire, Université Bourgogne

Franche-Comté, Dijon, France.



Identification of peaks in spectra obtained using Raman and FTIR spectroscopy
was realized with references from the rruff database (http://rruff.info) (Raman:
hydroxyapatite ID R050512 and fluorapatite ID R050274; p-FTIR: hydroxyapatite
ID R0O50512 and calcite ID R040070).

3. Results
3.1. Mineralogy of the PB sedimentary matrix

SEM-EDXS and XRD analyses were combined to identify the major mineral phases
forming the matrix of individual fossils (Fig. 1). EDXS and the subsequent hyperspectral
elemental map show two major components, with sampled spots dominated by Ca-rich
zones and other zones with the co-occurrence of Si and Al/K/Mg elements (Fig. 1(A-G)).
This is consistent with data from XRD (Fig. 1(H)) showing that calcite (with main XRD
peaks at 3.035, 2.095 and 2.285 A) appears as one of the most abundant phase together
with Si-rich minerals: quartz ((SiOz), with XRD peaks at 3.342, 4.257 and 1.8179 A), illite
((K,H30)(AL,Mg,Fe)2(Si,Al)4010[(OH)2,(H20)], with peaks at 4.430, 2.560 and 3.660 A),
and albite (NaAlSi3Os, with peaks at 3.176, 3.211 and 4.052 A). Finally, a phyllosilicate
belonging to the chlorite group (XRD peaks at 14.055, 7.051 and 2.834 A) was also
identified.

3.2. Mineralogical and ultrastructural description of the fossils
3.2.1. Brachiopods

SEM observations provided information on the overall preservation of discinoids
(Fig. 2(A-I)) and linguloids (Fig. 2(J-M)). For instance, preservation of the original
concentric annuli in discinoid specimens is conspicuous (Fig. 2(B), arrow), whereas
some others preserve these annuli only as an impression in the sediment (Fig. 2(D)).
These impressions are noticeable when several parts of the shell were lost during
diagenesis sensu lato. Figure 2(E-I) shows a 150 pm-width of a discinoid shell being
replaced by carbonates (arrow). In contrast, the integrity of the linguloid shells is
remarkable and these shells are less fragmented. Linguloid brachiopod shells also
preserve their growth increments (Fig. 2(J-L)). Several black spots scattered all over
linguloid specimens are also visible (Fig. 2(M), arrows). These are interpreted as slot-

like pits (Cusack et al., 1999) according to their distribution and number. Despite the



remarkable preservation, the expected chitinoproteinaceous layer for these brachiopods
was not observed and only the original mineralized part of the shells is preserved.

EDXS-maps of Ca, Si and P show the potential occurrence of calcium phosphate in
discinoid and linguloid brachiopods (Fig. 3(A-E) and (F-I), respectively). The presence of
calcium phosphate was determined using p-FTIR spectroscopy. The u-FTIR spectra of
both groups show the occurrence of calcite and hydroxyapatite (HAP) (Fig. 3(K)). The
presence of calcite is interpreted as interference from the carbonate-rich matrix beneath
the fossils. Raman spectroscopy was used in order to further characterize the HAP
phase. In the case of discinoid brachiopods, we compared Raman spectra with reference
spectra for hydroxyapatite. The relevant peaks that correspond to stretching and
bending modes of the phosphate group are observed (Fig. 4(B); Table 2). Since we
detected the presence of fluorine with EDXS (Fig. 4(A)), we also compared our results to
the fluorapatite reference spectrum. Despite the presence of fluorine, the Raman spectra
of the samples show a better fit with the reference spectrum of HAP, or even
chlorapatite, when compared to the fluorapatite spectrum according to the v2
hydroxyapatite vibration (peak 1 in Fig. 4). Raman microscopy did not reveal any
evidence for phosphate in linguloids, probably because of their low degree of

mineralization.

3.2.2. Caridean shrimps

Caridean specimens seem complete and articulated when observed under UV
light (Fig. 5(A); Brayard et al., 2017). However, SEM analyses well show that parts of the
exoskeleton are missing (Fig. 5(B)) and that remaining parts exhibit a porous
mineralized structure (Fig. 5(C, D), arrows). EDXS-maps show the co-occurrence of Ca
and P (Fig. 5(E-I)). The presence of calcium phosphate was confirmed using p-FTIR
spectroscopy (Fig. 5(J), purple arrows). However, Raman analyses did not detect calcium
phosphate. In contrast, they revealed the incidence of unexpected peaks in the region of
1100-1600 cm (Fig. 6). A comparison with the signal from the sediment matrix helps to

exclude any interference with the surrounding silicate and carbonate phases.

3.2.3. Leptomitid sponges
Sponge specimens (Fig. 7(A)) show the exceptional preservation of the external

surface as a layered three-dimensional structure (Fig. 7(B)). In areas in which the



uppermost layer has been removed (black arrows), the inner layer appears as better
preserved and less porous (white arrow). In addition, observations at higher
magnifications (x5.000 and x20.000) reveal the absence of substantial damages in terms
of ultrastructure of the inner layer (Fig. 7(C, D)). Elemental EDXS-maps show the
occurrence of calcium and phosphate (Fig. 7(E-I)). As in the case of brachiopods and
caridean shrimps, the FTIR signal of the calcite-rich matrix overlaps with that of the
fossil but shows a distinctive calcium phosphate signature (Fig. 7(])). Here again, the
identification of HAP using Raman microscopy was unsuccessful.

In addition, two leptomitid sponge fossils exhibit a coating made by a mineral
rich in sulphur and barium (Fig. 8(A-E)). This precipitate also fills the surface cracks of
fossil sponges (Fig. 8(F-H)). This Ba-rich mineral phase was identified as barite (BaS04)
using Raman (Fig. 8(I)).

3.3. Ultrastructure of calcium phosphate in relation to taxonomy

Despite similarities in calcium phosphate composition, inter-group comparisons
of fossils revealed differences in organization and size of the crystals of calcium
phosphate. In discinoid brachiopods, rod-shaped structures with sharp corners
(~400 nm length) do not exhibit any preferential orientation (Fig. 9(A-C)). Moreover,
mineral ultrastructure exhibits an organization in amorphous aggregates (Fig. 9(B)). In
leptomitid sponges, well-preserved and bacillary-shaped rods are significantly smaller
(~100 nm length) and, in contrast with discinoid brachiopods, display a preferential
orientation following the sponge longitudinal axis (Fig. 9(G-1)). Finally, the
ultrastructure of calcium phosphate crystals in caridean shrimps and linguloids is
intermediate between the two end-members described above (Fig. 9(D-F)). Their size is
similar to crystals found in sponges (~100 nm length) but they seem to be composed of
amorphous small rounded aggregates (zone highlighted with a dotted circle on Fig.
9(F)). Calcium-phosphate did not show a preferential long-axis orientation as in sponges

and the ultrastructure shows a twisted pattern of crystals (Fig. 9(D, E), dotted lines).

4. Discussion
4.1. Observed differences among taxa
All studied groups of the PB have been preserved in calcium phosphate. The

absence of Raman signal in both shrimps and sponges could be explained by a lower



grade of mineralization. Morphology and organization of this mineral are dissimilar at a
nanometric scale. This includes mineral size, shape and orientation (see above, Section
3.3). Such a clade-dependent feature can be explained by differences in the decay
process resulting from the composition of original tissues, the associated rate of
decomposition and the ensuing microenvironments. The influence of the original tissue
composition in preservation processes has been extensively discussed (Briggs and Kear,
1993; Hof and Briggs, 1997; Clements et al., 2017). However, the impact of these biotic
parameters on crystallization and mineral nanostructure remains unknown. In PB
fossils, mineralogical dissimilarities (size and organization of crystals) can be explained
by original differences, such as kinetic of calcium phosphate mineralization, presence of
nucleation centres and the early pathways of mineral precipitation. Nowadays, discinoid
and linguloid brachiopods have a mainly phosphatic mineralized shell and their
structure correspond to what is observable on the PB specimens (Fig. 2; see Williams et
al,, 1998: figs. 6, 15 for discinoids, and Zabini et al., 2012: figs. 3, 5 for linguloids). Hence,
calcium phosphate in discinoid fossils from the PB can be explained by the good
preservation of the initial biomineral. The absence of a preferential organization and the
rod-shaped structures built by smaller spherules in discinoid specimens (Fig. 9) are two
features consistent with observations made on modern and fossil discinoids from
different ages (Williams et al., 1998). This supports the hypothesis of a preservation of
the original calcium phosphate with only weak alterations in discinoids. Mineralogical
Transmission Electron Microscopy analyses of modern discinoid shells show the
occurrence of amorphous/poorly-crystalized phosphates (Griesshaber et al., 2009),
which is in agreement with our SEM observations and spectroscopy data (Figs. 2, 4).
Differences in ultrastructure documented between discinoids and linguloids can result
from the compositional differences and the number of layers in the shell (Williams et al.,
1998). For instance, the highest concentration in shell pores noticed in PB linguloid
specimens is consistent with modern and other fossil linguloids (Zabini et al., 2012: fig.
3) and they are not the result of decay and/or diagenetic damage. According to Balthasar
(2007), the spherical pores that generate this porosity were originally occupied by a
calcitic shell material but were lost during the early decay of tissues and/or the
diagenetic history.

Leptomitid sponges, which are probably phylogenetically close to demosponges
(Rigby and Collins, 2004; Botting et al. 2013; Muir et al. 2013; Botting, 2016), likely had



organic tissues initially containing complex polymers such as chitin within a protein
matrix (Brunner et al., 2009; Ehrlich et al., 2010). Consequently, their fossilization in
calcium phosphate can result from phosphatization during early decay. This type of
exceptional phosphatization of organic structures during early decay has been achieved
in the laboratory (Briggs and Kear, 1993; Sagemann et al.,, 1999). The recalcitrant
organic molecules (i.e., the most chemically stable and hard to decay) forming the
external part of leptomitid sponges could likely resist the initial decay and were later
replicated in phosphates, maybe retaining the potential original orientation of protein
fibres. This process would be analogous to the mineralization of a scaffold composed of
proteins as observed in bones, where HAP maintains the orientation of the organic
support (Mahamid et al.,, 2008, 2010). Such a taphonomic process was apparently also
involved in the mineralization of the PB caridean shrimp carcasses. The lack of
preferential alignment of phosphate crystals can result either from the absence of this
organization in the chitin-associated proteins of the crustaceans, or from a different
decay sequence influencing the mineralization. The outer layers of the shrimp
exoskeleton are characterized by regular twisted planes (i.e., the Bouligand structures;
Bouligand, 1965) which are responsible for enhancing carapace toughness
(Zimmermann et al., 2013). While the inner layer can show a preferential orientation of
chitin fibres, the outer parts of the carapace have thus a more interwoven organization
(Verma and Tomar, 2015: figs. 4, 5). Such a twisted organization can be observed in PB
fossils (Fig. 9(D, E)). Taphonomic decay investigations showed the positive influence of
chitin on soft tissue preservation in calcium phosphate for crustaceans, even preserving
muscles, but the carapace decayed rapidly and was seldom preserved (Allison, 1988;
Briggs and Kear, 1994). This suggests that the preservation of the carapace in PB
shrimps involved early diagenetic processes. Therefore, differences in tissue
composition between crustaceans and sponges could have played a role. More tests are
needed in order to establish the origin of mineralisation differences between sponges
and shrimps, and such inter-group comparisons are essential for discriminating
taphonomic pathways. Modern imaging techniques as synchrotron-based XRF mapping
have shown to be an efficient tool for obtaining critical morphological and chemical
information (Bergmann et al,, 2012; Anné et al., 2014; Gueriau and Bertrand, 2015;
Gueriau et al., 2018), even in the case of flat fossils (Gueriau et al., 2014) like those from

the Paris Biota (Brayard et al., 2019a).



4.2. Influences of the immediate surrounding environment in early stages of fossilization

Differences in the sedimentary matrix can also be related to differences in
preservation. Although the mineral composition of the matrix is similar for all the
studied samples, clays are found in relatively high concentration around sponge fossils,
whereas carbonates dominate around brachiopods (Figs. 2(I), 7(I); Brayard et al., 2017).
Recent taphonomic experiments with clays showed the influence of these minerals
during decay (Naimark et al.,, 2016; Newman et al., 2016). These experiences suggested
that clays delay the decay of organic remains, favouring their preservation (Newman et
al. 2016). This better preservation is likely linked to the inhibition of heterotrophic
microorganisms activities in clays (McMahon et al., 2016). The occurrence of aluminium-
bearing illite and albite in the PC sediments might be an effective preservative agent
because of its tanning properties (Naimark et al. 2016). Recent observations of
thylacocephalan fossils from La Voulte-sur-Rhone (middle Jurassic, France) have shown
that clays are also able to replicate and preserve by themselves organic tissues at a
cellular level (Vannier et al., 2016).

The unusual barite occurrence in at least two specimens of sponges may also
provide further information on the preservation processes. The occurrence of Ba-rich
sulphates is poorly documented in other Fossil-Lagerstdtten but has been previously
reported in the Burgess Shale (Conway Morris, 1985) and La Voulte-sur-Rhone
sediments (Wilby et al., 1996). However, the occurrence of these small deposits of barite
were scattered. Although the association of similar mineral phases (e.g., celestite, an Sr-
sulphate) with sponges was also detected at La Voulte-sur-Rhone (Charbonnier, 2009),
the formation of a complete mould of barite on top of fossilized organic remnants is a
novelty as far as we know. In accordance with Raiswell et al. (2002), sedimentary barite
can be formed by three pathways: (i) hydrothermalism, (ii) diagenesis or secondary
circulation, and (iii) biotic photosynthetic activity. The Paris Canyon outcrop does not
show any evidence of hydrothermal influence (Brayard et al., 2017). The origin of other
occurrences of barite associated with fossils has been interpreted as
authigenic/diagenetic, resulting from a very specific microenvironment generated
during decay (Zabini et al., 2012). According to this hypothesis, barite can precipitate at
the sulphate-methane transition zone within the sediment (Henkel et al., 2012). This

suggests that several sponge fossils may have been enclosed in a different



microenvironment or even different microecosystems. However, the presence of this
precipitate filling fossil cracks supports a delayed precipitation of this barite sulphate,
during a subsequent phase of diagenesis. Such replenishment of fissure could be linked
to the incidence of deep interstitial water circulation enriched in Ba. Metals would then
precipitate as a result of the interaction with the chemosynthetic microorganisms
present in the sediment (Johnson et al,, 2004). In addition, this barite precipitation can
be favoured by the presence of phosphatic precursors (Graber and Chafetz, 1990;
Gonzalez-Mufioz et al.,, 2012), which can be formed during decay of carcasses (Briggs
and Kear, 1993). However, the occurrence of Ba-rich sulphate in an anoxic and sulphate-
reducing context could not be supported by the presence of pyrite framboids, which do
not occur within the studied fossils. Consequently, more evidence is needed in order to

better understand the influence of decay on barite formation.

4.3. Potential preservation of organic material in shrimp shells

Finally, the mineral characterization with Raman spectroscopy revealed the
presence of unexpected peaks in the region of 1100-1500 cm-1, which can be linked to
the preservation of organic elements. For instance, the ~1360 cm-1 (1355) band
detected in crustaceans can correspond with the D1-band of the graphite lattice (Wang
et al,, 1990). In addition, peaks at 1140, 1166, 1226, 1271, 1355, ~1470 and 1623 cm!
can correspond (with a slight shift) with a-chitin reference frequently used as a
standard (Wysokowski et al.,, 2014, 2015). Peaks between 1200 and 1312 cm~1 can be
identified as the amide IIl bands (N-H) (Talari et al., 2015). The near absence of the
expected G and D2 band peaks at ~1580 cm'! and ~1620 cm-1, respectively (or the
presence of a small peak beneath the background), could be explained by the amorphous
nature of the organic material preserved in the fossils (Kouketsu et al., 2014). However,
this spectrum is different from the chitin spectrum detected in other fossil demosponges
(Ehrlich et al., 2013), but these differences could also be related to the process of
maturation and/or to the degree of preservation. Nevertheless, the exact origin of these

peaks remains elusive.

5. Conclusion
To sum-up, spectral analyses reveal a taxon-dependent preservation in the Paris

Biota. The origin of these differences remains uncertain, but several potential factors can



be identified. Differences in the chemical composition of original tissues can explain
variations in ultrastructure and quality of preservation. However, preservation can also
be controlled by external factors such as the presence of clays and/or the occurrence of
mineral deposits such as barite. These minerals can be potentially relevant for
improving the exceptional preservation of organic remains such as the PB sponges.
Therefore, the preservation potential of carcasses is determined by the combination of
biological factors (e.g., the organic composition of tissues) and mineralization processes.
In addition, the exceptional nature of the PB fossils can result from two interrelated
processes. First, the Paris Biota could be an isolated, functionally atypical ecosystem
whose unexpected diversity would not contradict the assumption that Early Triassic
marine ecosystems were generally depauperate. Alternatively, this remarkable marine
fauna could also be more widespread than previously thought; additional field
investigations of sediments of this age will help to further testify this hypothesis. At
present, there is no evidence for the occurrence of specific conditions that favoured the
development of the Paris Biota. Thus, this remarkable marine benthic fauna may not be
an exception during the Early Triassic. The mineralogical characterization and analyses
of fossils herein exposed, combined with data resulting from taphonomic experiments,

are essential for a consistent paleoecological reconstruction.
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Table and Figure captions

Table 1. List of the studied specimens and associated analyses (stars indicate specimens

lost during the preparation process).

Table 2. [dentification of bands in the Raman spectrum of discinoid fossils and HAP

reference (Fig. 4(B)).

Fig. 1. Mineralogy of the Paris Biota sedimentary matrix. A. SEM image of the
sedimentary matrix of the discinoid brachiopod specimen UBGD 30626. B-F. EDXS maps
of Ca, Si, Al, K and Mg, respectively. G. EDXS spectrum of the zone depicted in A. H. XRD
diffractogram of the sediment powder. Ch: chlorite; ill: illite; Qx: Quartz; Alb: Albite; Ca:
Calcite. Scale bar: 500 pum (A).

Fig. 2. SEM images of discinoid (A-I) and linguloid (J-M) brachiopods. A. General view of
the discinoid specimen UBGD 30626. B. View of growth annuli preserved in discinoid
fossil UBGD 30626. C. Close-up view showing rod-shaped crystals for specimen

UBGD 30626. D. Concentric annuli of discinoid shells are sometimes preserved as an
impression. E. Remain of the discinoid shell UBGD 30631. F-H. EDXS maps of E, showing
the location of Si, Ca and P, respectively. I. Image mixing EDXS maps showed in F-H. The
pink colour results from the overlapping of Ca and P signals. The absence of P in the
zone highlighted by the arrow is noticeable, showing the replacement of the calcium
phosphate by carbonates during diagenesis. J. General view of the linguloid specimen
UBGD 30641. K, L. View of growth annuli (arrows). M. Close-up view showing pores in
the mineralized shell. Scale bars: 500 pm (A4, ]), 100 um (B, D, E, K, L), 5 um (C), 10 um
(M).

Fig. 3. Mineralogical characterization of discinoids and linguloids. A. SEM picture of the
edge of the shell of the discinoid brachiopod UBGD 30629 (white arrow) and its
surrounding matrix (black arrow). B-D. EDXS maps of A, showing the location of Si, Ca
and P, respectively. E. Image mixing EDXS maps showed in B-D. The pink colour results

from the overlapping of Ca and P signals. F. SEM picture of the linguloid shell



UBGD 30640. G-1. EDXS maps of F, showing the location of Si, Ca and P, respectively. J.
Image mixing EDXS maps showed in F-H. K. FTIR spectra of the linguloid and discinoid
specimens UBGD 30627 and UBGD 30640, respectively. Reference spectra for calcite and
hydroxyapatite are also illustrated. Bands relevant for identification have been

highlighted by purple (HAP) and cyan (calcite) arrows. Scale bars: 100 pm (A, F).

Fig. 4. EDXS and Raman spectra of discinoid fossils. A. EDXS map of UBGD 30631
showing the presence of Ca and P as major components of the mineralized structure. B.
Identification of calcium phosphate using Raman. Brachiopod spectrum (UBGD 30633,
in black) is compared to hydroxyapatite, fluorapatite and chlorapatite spectra. Peaks

relevant for identification have been highlighted (Table 2).

Fig. 5. SEM observation of caridean shrimps and mineralogical characterization using
FTIR. A. General view of the shrimp specimen UBGD 30638 under UV light. B. View of
the mineralized remains over the sediment matrix (arrow). C. Close-up view of the fossil
showing holes in mineral (arrows). D. At higher magnification, even mineralized zones
in C show the occurrence of these pores (arrows). E. General SEM view of the shrimp
specimen UBGD 30636 showing that several parts of the exoskeleton are missing. F-H.
EDXS maps of E, showing the location of Si, Ca and P, respectively. I. Image mixing EDXS
maps showed in F-H. The pink colour results from the overlapping of Ca and P signals. J.
FTIR spectra of calcite, hydroxyapatite and of the caridean shrimp specimen

UBGD 30638. Bands relevant for identification are indicated by purple (HAP) and cyan
(calcite) arrows. Scale bars: 1 cm (A), 200 um (B), 2 pum (C), 1 um (D), 500 pm (E).

Fig. 6. Raman spectra (focused in the region 800-1800 cm-1) of two caridean shrimp
fossil specimens (UBGD 30635 and UBGD 30636). Peaks relevant for potential
identification have been highlighted.

Fig. 7. SEM-EDXS and FTIR analyses of sponge fossils. A. Photograph of specimen
UBGD 30617. B. Three-dimensional preservation of the external part of the sponge
specimen UBGD 30619. The white arrow points to an inner layer, whereas the external
face is indicated by black arrows. Dotted lines mark the edge between the two layers. C.

Close-up view of the inner layer. D. At higher magnification, the inner layer shows a very



homogenous mineralogical structure. E. General SEM view of the sponge specimen
UBGD 306170over the sediment (arrow). F-H. EDXS maps of E, showing the location of Si,
Ca and P, respectively. I. Image mixing EDXS maps showed in F-H. The pink colour
results from the overlapping of Ca and P signals. J. FTIR spectra of calcite,
hydroxyapatite and the sponge specimen UBGD 30613. Bands relevant for identification
have been highlighted by purple (HAP) and cyan (calcite) arrows. Scale bars: 500 pm
(A), 100 um (B, E), 5 pum (C), 1 um (D).

Fig. 8. SEM-EDXS images of the mineral cover detected in sponge specimen

UBGD 30621. A. SEM image of the precipitate covering the fossil. In contrast with
previous images, in which the fossil looks brighter than the sediment, here the fossil is
darker than the covering mineral. B-E. EDXS maps of A, showing the location of Ba, S, Ca
and P, respectively. F. View of the Ba-rich deposit over the fossil and also beneath it
(arrow). G. Ba-rich precipitate filling cracks of the fossil. H. Close-up view of the crack. I.
Raman spectra of calcite, barite and the sponge specimen UBGD 30623. In addition to
calcite (purple), several characteristic bands of barite (green) are present. Scale bars:

100 um (A, F), 10 um (G), 1 pm (H).

Fig. 9. SEM identification of a clade-related ultrastructure of calcium phosphate in
discinoid brachiopods (A), caridean shrimps (D) and leptomitid sponges (G) from the
PB. In discinoids, mineral crystals are larger (~400 nm length; C) than in sponges

(~100 nm length; I) or shrimps (crystals composed of small amorphous round
aggregates; F). In addition, they do not exhibit any preferential orientation, in contrast to
leptomitid sponges. In shrimps, crystals show a complex and convoluted organization in
fibres (dotted lines in D and E). Collection numbers: A, B: UBGD 30625; C: UBGD 30626;
D-F: UBGD 30637; G, H: UBGD 30621; I: UBGD 30617. Scale bars: 1 um (A, D, G), 500 nm
(B, E,H), 100 nm (C, F, I).
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Table 1.

Sample Taxon RAMAN FTIR MEB

UBGD 30515 SPONGE X

UBGD 30617 SPONGE X X X
UBGD 30618 SPONGE X X

UBGD 30619 SPONGE X X X
UBGD 30620 SPONGE X
UBGD 30513 SPONGE X X X
UBGD 30621 SPONGE X X
UBGD 30622 SPONGE X X X
UBGD 30623* SPONGE X X
UBGD 30624* SPONGE X X
UBGD 30625 DISCINOID X X X
UBGD 30626 DISCINOID X X X
UBGD 30627 DISCINOID X

UBGD 30628 DISCINOID X
UBGD 30629 DISCINOID X X
UBGD 30630 DISCINOID X X

UBGD 30631 DISCINOID X X X
UBGD 30632 DISCINOID X X X
UBGD 30633* DISCINOID X

UBGD 30634* DISCINOID X

UBGD 30635 SHRIMP X X X
UBGD 30636 SHRIMP X X X
UBGD 30637 SHRIMP X X X
UBGD 30638 SHRIMP X X X
UBGD 30639* SHRIMP X

UBGD 30640 LINGULOID X X X
UBGD 30641 LINGULOID X X X
UBGD 30642* LINGULOID X
UBGD 30643* LINGULOID X




Table 2.

Band Raman shift (cm'l) Interpretation

1 420-430; v2PO,> Doubly degenerate bending modes of O-P-O
2 ~570-600; v4p043‘ Triply degenerate bending modes of O-P-O
3 ~940; v1 p043' Symmetric stretching modes of P-O

4 ~1017; v3P0,~ Triply asymmetric stretching modes of O-P-O






