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ABSTRACT

The Fezouata Shale is the most diverse Lower Ordovician unit with exceptional fossil
preservation. Fossils from this formation altered our understanding of early metazoan
communities at the transition between the Cambrian Explosion and the Ordovician Radiation.
The paleontology and the general sedimentological context of the Fezouata Shale are well
established. However, little was done to understand the interaction between both, and studies
regarding fossil preservation remain scarce. In this thesis, we investigate the general conditions
and mechanisms responsible for soft-tissue preservation in the Fezouata Shale. Comparing
brachiopod, bivalve, and trilobite size fluctuations between sites allowed us to constrain burial
rates in this formation. This permitted the discovery of a relative post-mortem burial tardiness
in sites where exceptional fossil preservation occurred. Moreover, mineralogical investigations
showed a correlation between particular chlorite phases (i.e. chamosite/berthierine) and
preserved soft parts. This mineralogy may have slowed down oxic decay and its deposition was
most probably due to periods with high seasonality. Furthermore, we hypothesized for the first
time, a possible implication of biomolecules (i.e. ferritin) in the preservation of soft parts. This,
if confirmed, would resolve the observed discrepancies between the fossil record preserving
nervous systems to the exclusion to everything else, and decay experiments showing that
nervous tissues are among the first structures to decay and disappear in laboratory conditions.
Additionally, we show that metamorphism was not operational in the Fezouata Shale. However,
modern weathering leached organic material from surface sediments and transformed pyrite
into iron oxides. This finding infers that the original mode of preservation of the Fezouata Shale
comprises both carbonaceous compressions and accessory authigenic pyritization. The direct
implication of this work was shown through a comparison of enigmatic patterns preserved in
three groups of echinoderms. It appears that some of these patterns in eocrinoids and
somasteroids do not reflect original anatomies and are preservation artifacts. However, it is
certain that the structures preserved in stylophorans are real, closing a long-standing debate on
the affinity of this animal group. Finally, a general comparison between the Fezouata Shale and
Cambrian Lagerstdtten allowed us to decipher the implication of the suggested taphonomic
pathway on fossil preservation. It appears that the Fezouata Shale mechanism for preservation
failed to preserve completely cellular organisms (e.g. chordates, ctenophores, medusoids)
implying a possible underestimation of the original Fezouata Biota and confirming that the
Cambrian Explosion and the Ordovician Radiation are one single episode of anatomical
innovation. Thus, all these results have implications on understanding ecosystems, and
evolution at the dawn of animal life and may contribute in the future to the development of a
predictive approach for the discovery of exceptionally preserved biotas.



RESUME

La Formation des Fezouata a livré les assemblages a préservation exceptionnelle les plus
diversifiés de 1'0Ordovicien inférieur. Les fossiles de cette unité ont bouleversé notre
compréhension des premieres communautés animales a la transition entre l'explosion
cambrienne et la diversification ordovicienne. La paléontologie et le contexte sédimentologique
général de la Formation des Fezouata sont bien établis. Cependant, 1'interaction entre les deux
demeurait peu connue, et les études concernant la préservation des fossiles étaient rares. Dans
cette these, nous étudions les conditions et les mécanismes qui ont abouti de la préservation des
tissus mous dans la Formation des Fezouata. La comparaison des fluctuations de taille des
brachiopodes, des bivalves et des trilobites entre les différents sites nous a permis de contraindre
le taux d'enfouissement dans cette formation. Cela nous a permis de mettre en évidence un
enfouissement post-mortem relativement tardif dans les sites a préservation exceptionnelle de
cette formation. De plus, les recherches minéralogiques ont montré une corrélation entre
certains minéraux de chlorite (chamosite / berthierine) et les parties molles. Cette minéralogie
peut avoir inhibé la dégradation oxique des tissus durant les périodes a forte saisonnalité. De
plus, nous avons émis I'hypothese d'une possible implication des biomolécules (ferritine) dans
la préservation des parties molles. Ce scénario permettrait d'expliquer les écarts observés entre
le registre fossile préservant les systemes nerveux a l'exclusion de tout le reste, et les
expériences de dégradation montrant que les tissus nerveux sont parmi les premieres structures
a disparaitre au laboratoire. De plus, nous montrons que l'influence du métamorphisme est
négligeable dans la Formation des Fezouata. Cependant, 1’altération récente a lessivé la matiere
organique des sédiments de surface et transformé la pyrite en oxydes de fer. Cette découverte
implique que le mode original de préservation des fossiles de la Formation des Fezouata
comprend a la fois les compressions carbonées et la pyritisation authigénique. Une conséquence
directe de ce résultat a consisté en la comparaison de motifs énigmatiques préservés dans trois
groupes d'échinodermes. Il apparait ainsi que deux de ces motifs, observés chez les éocrinoides
et les somastéroides, ne refletent pas les anatomies originales et ne sont que des artefacts de
préservation. Cependant, il est démontré que les structures préservées chez les stylophores sont
bien réelles, mettant fin au débat sur l'affinité de ce groupe. Enfin, une comparaison générale
entre la Formation des Fezouata et les Lagerstdtten cambriens nous a permis de déterminer
quelle a été l'influence de la voie taphonomique empruntée sur la préservation des fossiles. Il
semblerait que le mécanisme de préservation dans la Formation des Fezouata n'ait pas permis
la conservation des organismes completement cellulaires (par exemple, les chordés, les
cténophores, les médusoides), ce qui impliquerait une sous-estimation de la biodiversité
originelle dans les Fezouata et confirmerait que l'explosion cambrienne et le la radiation
ordovicienne ne représentent qu'un seul et méme épisode d'innovation anatomique. Ainsi, tous
ces résultats ont des implications sur la compréhension des écosystemes et de 1'évolution a
l'aube de la vie animale et pourraient contribuer ultérieurement au développement d'une
approche prédictive permettant la découverte de nouveaux sites a préservation exceptionnelle.



1. INTRODUCTION

Studying the fossil record is crucial for our understanding of past life on Earth. Much of our
knowledge on biodiversification and extinction events comes from mineralized parts such as
bones and shells, because these are relatively abundant and are commonly found around the
globe!. However, organisms having mineralized parts constituting at least part of their bodies
are not the sole players in modern ecosystems. A large number of animals are completely soft
having cuticularized bodies (i.e. formed of polysaccharides), such as annelids and priapulids,
or even entirely cellular bodies, such as jellyfishes and sponges. Thus, studies based on
mineralized parts in the fossil record give incomplete snapshots of past animal life on Earth.
For this reason, incorporating information from localities with exceptional fossil preservation
yielding labile anatomies is crucial to properly reconstruct ancient ecosystems with high
fidelity?. Although generally rare over the geological time scale, exceptionally preserved biotas
discovered in deposits called “Lagerstiitten” are common in the Cambrian?®. The most famous
Cambrian site with exceptional preservation is the Burgess Shale (Cambrian, Canada)?. The
discovery of soft animal taxa in this locality transformed our knowledge on the earliest
eumetazoan dominated communities: the Cambrian Explosion®*”. Since numerous Burgess
Shale-type (BST) assemblages have been discovered. Fossils from the Chengjiang Biota
(Cambrian, China) preserved tissues that decay fast in laboratory conditions, and shed light on
the evolution of numerous animals®. For instance, nervous tissues were discovered in different
arthropod groups ending long-standing debates on the systematic affinities of these taxa®'2.
The Chengjiang Biota holds as well the record of the best-preserved cardiovascular system ever
discovered!®. All these animals from Cambrian BST assemblages were preserved under similar
environmental conditions and share the same mode of preservation'*!>, They were transported
from their living environment, alive or shortly after their death by obrution events, to another
setting for their preservation’. The rapid transport and burial of these animals provided a short
time for oxic decay to take place, and increased the chances of tissues to survive oxygen in the
water column in their original environment®. In deeper facies under which they were deposited,
anoxia was permissive at least at the sea bottom, and carbonate cements precipitated on top of
event deposits blocking exchange between the water column and sediments and inhibiting
oxidants from attaining decaying carcasses'>. It was also recently suggested that specific clay
minerals may have helped BST preservation by slowing down bacterial decay'®. Thus,
carcasses were isolated in a fine lithology allowing their preservation in minute details as
carbonaceous compressions'4. In some cases, authigenic mineralization (i.e. pyritization,
phosphatization) may occur but this remains secondary to the primary carbonaceous mode of
preservation'*. Then, the compressed organic matter was kerogenized and matured under
metamorphic conditions at temperatures between 300 and 400 degrees!’. Even though the
general conditions for exceptional fossil preservation are relatively well-known for Cambrian
Lagerstdtten, the mechanism at play for soft-tissue preservation in younger deposits remain
largely unexplored.

In the early 2000s, a new site with exceptional fossil preservation was discovered. The Fezouata
Shale Formation (Early Ordovician, Morocco) which was deposited in a storm dominated
environment'®2 is the only unit to yield an Ordovician highly diverse exceptionally preserved
biota'®?!, With over than 185 taxa of marine invertebrates recovered from specific intervals in
the Zagora area, this formation offers new insights into the diversification of metazoans, at a
key interval between the Cambrian Explosion and the Ordovician Radiation?!-23. The majority
of these taxa are shelly organisms typical of the Great Ordovician Biodiversification Event
including asterozoans, bivalves, rhynchonelliformean brachiopods, cephalopods, crinoids,
gastropods, graptolites, ostracods, and trilobites?>. The Fezouata Biota also comprises a high
number of soft-bodied to lightly sclerotized taxa. Some of these exceptionally preserved



organisms (e.g. cirriped crustaceans, eurypterid and xiphosuran chelicerates) represent the
oldest occurrences of particular marine invertebrates, previously recorded from younger
Paleozoic Lagerstiitten*?. However, the Fezouata Biota also includes numerous representatives
of soft-bodied to lightly sclerotized groups typical of Cambrian, BST Lagerstdtten (e.g.
anomalocaridids, protomonaxonids, armored lobopodians, marrellomorphs, naraoiids)?!24-26,
In terms of preservation, two modes have been documented in the Fezouata Shale. The first one
occurs in concretions and results from a vigorous sulfate reduction around large carcasses (e.g.
Aegirocassis), leading to the establishment of prominent chemical gradients and to the early
precipitation and mineral overgrowth around non-biomineralized tissues?’. The other type of
preservation is associated with shales in a generally shallower environment in comparison to
the classical Burgess Shale!'®2°, Most BST fossils collected in shales are preserved as molds or
imprints on the sediments'8. However, it is unclear whether these organisms were originally
preserved as carbonaceous compressions. Other non-biomineralized tissues, such as trilobite
digestive tracts and echinoderm water-vascular systems, are preserved in 3D red to orange iron
oxides?!.
Considering that numerous mechanisms may favor or alter the preservation of original
anatomies, deciphering the taphonomic processes is essential for palaeontological
interpretations, especially for taxa without extant representatives. Consequently, the aim of this
study is to provide insights into soft tissue taphonomy in the Fezouata Shale based on a
multidisciplinary approach combining paleontology, sedimentology, geochemistry and
mineralogy. This in-depth reconstruction starts at the life of an organism in its environment and
ends at its discovery in surface sediments passing through diagenesis, metamorphism, and
modern weathering (Fig. 1)28-3 while trying to answer the following questions:

e Was burial fast enough in the Fezouata Shale?

e What was the impact of burial on living communities?

e Did fossil transport occur in the Fezouata Shale?

e What was the impact of decay and mineralization on the current patterns of soft tissue

preservation?

e What are the conditions that controlled decay and mineralization?

e Were the fossils subject to extreme maturation?

e What is the impact of modern weathering on these deposits?
Once these questions are answered, the direct impact of this work on fossil interpretation is
shown, and a comparison between the Fezouata Shale and both the Burgess Shale and
Chengjiang Biota is established. This comparison is essential to constrain preservational biases
within exceptionally preserved biotas and thus reconstruct more complete pictures of early
animal life. This work has implications in understanding the earliest radiations of complex
metazoans on Earth from a fresh perspective independently from individual preservational
biases that might be operational at each site. If all the previous questions are answered, they
constitute as well a first step in developing a predictive approach for the discovery of
exceptionally preserved faunas. These discoveries will definitely help finding new fossils; thus,
completing the lack of information in the tree of life.
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2. GENERAL BACKGROUND

The Fezouata Shale is one of the rare if not the only diverse Early Ordovician Lagerstdtte
documenting the early stages of the Ordovician Radiation'®2!?2, This formation was deposited
in the Anti-Atlas of Morocco. During the Early Ordovician, the Central Anti-Atlas was located
at high latitudes close to the paleo-South pole3>33. The Ordovician Anti-Atlas deposits
(maximum ~2500m to the West) were originally divided into four lithostratigraphic groups
which are in chronological order: the Outer Feijas Shale, the First Bani Sandstone, the Ktaoua
Clay and Sandstone, and the Second Bani Sandstone (Fig. 2)3*%. Following the stratigraphic
work lead by Jacques Destombes in the second half of the 20" century, these stratigraphic
groups were subdivided into several formations (Fig. 2)3¢37. The Fezouata Shale is comprised
within the Outer Feijas Group along with the Zini Sandstone, and the Tachilla Shale formations
(Fig. 2). The Fezouata Shale (Tremadocian-Floian) is deposited over the sandstones of the
underlying middle Cambrian Tabanite Group and is conformably overlined by the Zini
Formation (late Floian) that is itself deposited under the Tachilla Shale Formation (Middle
Ordovician)*®¥7, The Fezouata Shale is entirely constituted by silts outcropping in the Zagora
region with a thickness between 900 and 1000m'8-38, These silts were deposited in a storm-
wave dominated, cold-water, shallow environment modulated by tides!'®20. Although
mineralized fossils were discovered since the early excavations in the second half of the 20"
century, exceptional fossil preservation in the Fezouata Shale was not documented until the
early years of the 21% century?!. In the Fezouata Shale, the distribution of exceptionally
preserved fossils (EPF) is not random but associated with a narrow window of favorable
environmental conditions around the storm weather wave base located at two distinct
stratigraphic intervals®. Based on acritarchs, conodonts, and graptolites**? a late Tremadocian
age (Tr3) was proposed for the lower, about 70-m thick interval (A. murrayi graptolite biozone).
The upper EPF-bearing interval is narrower (~50 m thick), and it occurs about 240 m higher in
the succession®. Graptolites suggest a mid-Floian age (FI2) for this upper interval®>#?. This
thesis focuses on the lower interval with EPF, because it is stratigraphically well constrained
and comprises most sites with exceptional fossil preservation from the Lower Ordovician of
Morocco!82139,
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Figure 2. Ordovician lithostratigraphic sequencing of the Zagora Region (modified from Marante, 2008)3.



3. MATERIAL AND METHODS

3.1. Paleontology

More than 300 specimens of brachiopods, bivalves, and trilobites from the Fezouata Shale were
measured for their body size. The localities bearing these fossils were positioned along a
proximal-distal axis according to their sedimentological characteristics. Size distribution of
trilobites was investigated between localities by measuring the full length of individuals from
the anterior margin of the cephalon to the posterior margin of the pygidium or based on the
sagittal length of the pygidium including articulation half ring. The width W, the length L, and
the height H of bivalves and brachiopods were measured using a Zeiss SteREO Discovery V8
stereomicrocope linked to a Zeiss AxioCam MRc5 digital camera with a precision of 0.01 mm.
The body size G = (L+W)/2 was calculated for brachiopods according, and for bivalves: G =
(H+L)/2.

3.2. Sedimentology

Two successive field campaigns were carried out in the Zagora region in 2018 and 2019 and
three cores were obtained. The first two cores (total of 13.2m) were drilled in the intermediate
settings of Bou Izargane. The third core (~2.5m) was made in Ouled Slimane, crossing the
interval in which large trilobites were discovered. Cores were described for their lithology,
grain size, depositional sedimentary structures and bioturbation intensity and size at the
University of Lyon, France, and the University of Lausanne, Switzerland, and are currently
deposited at the University of Brest.

3.3. Geochemistry and Mineralogy

The cores were cut and scanned, using a core XRF-scanner, for major elements (Si, Al, K)
expressed as oxides (wt% SiO2, Al2O3 and K20) at the University of Brest, France. Twelve thin
sections were made from the cores. Transect analyses, on nine samples, combined into
elemental maps from fresh and weathered core sediments were made using a Bruker M4
Tornado micro-XRF instrument operating at 50kV, 600upA. This mapping of the major elements
was done to better visualize discrete lithological changes in the facies and to determine the
composition of silty to very fine sand grains. In addition, around 100 Raman spectra were
collected from nine core specimens using a Labram HR800 - Jobin Yvon Horiba spectrometer
equipped with semi-confocal optics at the University of Lyon, France. A microscope with a
x100 objective was used to focus the excitation laser beam, 532 nm exciting line, on a 1-3 um
size spot and to collect the Raman signal in the backscattered direction. Acquisitions were
performed using two accumulations of 30s and a laser power of about 5 mW on the sample
surface. The position of Raman bands were determined by fitting Lorentzian functions using
PeakFit, and were assigned to a phase based on a comparison with ENS Lyon database
(http://www.geologie-lyon.fr/Raman/) RUFF database (https://rruff.info/) and literature data.
Mineral assemblages of levels yielding exceptional preservation were compared to those in
levels bearing only sclerotized remains. Matrix samples from each level were prepared as
randomly oriented powdered aggregates (<10 pum), without any specific treatments, on
thermoplastic polymer [poly(methyl methacrylate), PMMA] substrates. X-ray diffraction
(XRD) was performed using a Bruker D8 Advance diffractometer, employing a CuKa source
and Bruker LynxeyeX detector. Peak positions were adjusted, using the positions of quartz
peaks as internal standards, to avoid the preparation height displacement error. Mineral phases
were then retrieved, based on indexation of their diffraction lines, between 0° and 75° 20 values,
from the International Centre for Diffraction Data PDF-4+ 2016 reference database
(http://www.icdd.com/index.php/pdf-4/). Illite is generally characterized by its basal (001) peak
at ~10 A. Quartz is characterized by its intense (011) reflection at 3.34 A. The differentiation
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between chlorite minerals is verified based on the lateral variations of their characteristic (001)
and (002) peaks, respectively at 14 and 7 A, as iron enrichment causes an increase in d-spacing
that shifts peaks positions toward higher 26 values. Phase proportions were estimated from the
relative intensity of diffraction lines of each mineral species. In addition to sediment analyses,
twenty fossil specimens collected from late Tremadocian localities in the Zagora area, Morocco
were included in this study. Some of these fossils were analyzed using a FEI Quanta 250
scanning electron microscope (SEM) equipped with backscattered and secondary electron
detectors in addition to an energy-dispersive X-ray analyzer (EDX) operating at accelerating
voltages ranging from 5 to 15 kV. At low energies, light elements such as C can be detected,
while at higher energies, detection of heavier elements is optimized. Some samples were
analyzed using a synchrotron beam X-ray fluorescence at the DIFABBS beamline at the Soleil
synchrotron, Paris, France, in order to determine the minor-to-trace elemental composition of
the fossils, as well as of the surrounding matrix.

3.4. Statistics
3.4.1. Correlation of core sediments with outcrop levels bearing
exceptional preservation
Cores give precise information in terms of sedimentary facies and their evolution, but only
minimal information on the vertical occurrences of exceptionally preserved fossils. Conversely,
field and hand sample observations made at outcrop provide important information on the
occurrence of exceptional preservation, but with unprecise information on the facies in which
exceptional preservation occurred, due to surface weathering. Thus, the stratigraphic sequence
from the 13.2m core was compared to the field-based sequence logged along the same section.
A statistical approach was developed to link these two distinct, though complementary, sets of
data gathered from outcrops (i.e. occurrences of exceptional preservation) and from drill cores
(i.e. detailed sedimentary facies). The obtained 13.2 m-thick core succession was divided into
22 intervals of 60 cm in thickness. Then, the proportion of each identified sedimentary facies
was calculated in these intervals. A Principal Component Analysis (PCA) was performed to
identify the facies accounting for the largest variance between the 22 intervals. Facies that are
homogeneously distributed are less likely to explain discrepancies in occurrences of
exceptionally preserved fossils and therefore were removed from further statistical analysis.
The facies exhibiting the highest dissimilarity (i.e. with the largest variance) were selected for
a Classical Cluster Analysis (CCA). CCA allows investigating the heterogeneities in terms of
sedimentary facies between the 22 intervals by separating them into several groups defined as
clusters. Vertical alternation of intervals between the groups was plotted against the pattern of
soft tissue preservation in the field to check any direct link between the sedimentary facies and
exceptional fossil preservation. Then, a similarity percentage test was made to identify which
facies caused the highest dissimilarity between these clusters and thus, to decipher the
correlation of different facies with the absence/presence of exceptional preservation. Finally, a
student t-test was applied to investigate whether the difference in the proportions of facies
causing the dissimilarity between clusters was significant.

3.4.2. Comparing the preservation potential of the Fezouata Shale with
the Burgess Shale and the Chengjiang Biota

In order to compare the preservation potential of the mechanism responsible for soft tissue
preservation in the Fezouata Shale with the processes at play for this type of preservation in the
Chengjiang Biota and the Burgess Shale we developed a new statistical method. This method
is based of biological “tissue”-type preservation because all animals are formed of the same
type of structures: A (biomineralized), B (sclerotized), C (unsclerotized, cuticularized), D
(cellular body walls), and E (internal tissues). The occurrences of these structures were



investigated at a generic level. The data matrix for the generic composition and biological tissue
occurrences were constructed based on the public collections of the University of Lyon, and
the University of Lausanne, in addition to the published material held at the Royal Ontario
Museum, and the Yale Peabody Museum, and Yunnan Key Laboratory for Palacobiology. The
number of times each of the different possible tissue type combinations occurred was identified.
Tissue types can occur alone A, B, C, D, E in a certain genus; or in one of ten possible pairs:
AB, AC, AD, AE, BC, BD, BE, CD, CE, and DE. There are also 10 different possible three-set
intersections ABC, ABD, ABE, ACD, ACE, ADE, BCD, BCE, BDE, and CDE. Finally, there
are five different possible associations of four-set intersections ABCD, ABCE, ABDE, ACDE,
BCDE, and one five-set combination ABCDE. As two of these characters are biologically
mutually exclusive (C and Dj; an organism cannot be cuticularized and non-cuticularized) this
simplifies the problem as CD and all its subsets are empty. Consequently, the five-way
intersection ABCDE is impossible. Furthermore, the only combination of four possible tissue
types that can occur are ABCE and ABDE. So rather than having to deal with a five-variable
problem (with 25 -1 = 31 intersections) a solution is required for only 24-1= 23 intersections.
Searching for the character combinations was performed using an “if” function e.g. to find all
the occurrences of types A and B in the same genus:

IF(value in column X + value in column Y = 2 then report 1 in column Z, otherwise 0)
This produces a column of binary data that shows whether the character combination has been
identified in a given taxon. This column was summed to reveal the number of taxa that contain
an AB combination. This strategy was then applied to all the different possible character
combinations. However, each count of a higher order intersection will also lead to multiple
counts of lower order intersections. For example, finding an ABC combination using an IF
function also causes a count of the pairs AB, AC, and BC, and consequently, the taxon is
counted 4 times. This has to be removed from the data in order to find unique character
combinations. This problem is best visualized as a five-set Venn diagram. As this problem
contains the non-intersection of two of the variables (C and D see above), it can be treated as
two intersecting four-set problems because the highest order intersections that could take a
value are ANBNCNE and ANBNDNE which can be found directly from the data matrix as
there are no values in a higher-order subset. These values can then be used to calculate the
number of taxa that preserve three tissue types because of the identity:

XNY =XNYNZ’ + XNYNZ (with Z’ meaning “not Z”)
Which can be rearranged to:
XNYNZ =XNY - XNYNZ

Thus knowing a value for ANBNCNE and for instance ANBNC, the desired value of
ANBNCNE’ can be calculated.

ANBNC=ANBNCNE + ANBNCNE’
Which can be simply rearranged to:

ANBNCNE’=ANBNC - ANBNCNE
In this equation, an unknown exclusive three tissue type association (ANBNCNE’) can be
calculated from two known quantities which were recovered during the “IF search” chart. It is
then trivial to extend this to all other possible three variable intersections. A corollary of this
approach is that some intersections require the subtraction of two four-variable intersections.
This is because some three-set intersections contain subsets of both of the four variable
intersections. For instance:

ANBNENC’ND’ = ANBNE — (ANBNCNE + ANBNDNE)

Once the unique associations of three variables are known they can be used, following similar
logic, to calculate all the unique two-variable intersections (e.g. ANBNC’ND’NE’). Finally,
the one variable intersections (e.g. ANB’NC’ND’NE’) can be found.
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The association of soft internal organs (E) with other structures, in all three localities was also
investigated. For this, the probabilities of discovering two classes of structures together having
already found one of them were calculated. For example, p(E|A) is the probability of E
occurring if A has occurred. The reverse conditional approach was also made and the
probability of finding A given that E has been found p(A[E) was also calculated. Then, the
likelihood of producing the distribution of combinations of structures found in the Burgess
Shale and the Chengjiang Biota assuming that the Fezouata Shale has the “true” preservation
regime was investigated using the following parametrized binomial P(x>n)|Bi(n, p):
n n!
PG = (x)pan '= (n— x)!x!pan i

In this equation, p=p(E|A) for the Fezouata Shale, qg=1-p, n is the number of genera preserving
an A in the Burgess Shale or the Chengjinag Biota, and x is the number of desired success
which is, in this case, at least the actual number n of genera preserving both A and E in the
Burgess Shale/Chengjiang Biota. All calculated probabilities are added up and the probability
P(x>n)|Bi(n, p), of producing the actual Burgess Shale/Chengjinag Biota AE category,
considering that the Fezouata Shale regime is “true”, is then obtained. This was then performed
for other tissues combinations (i.e. BE, CE, and DE). This approach was then extended to the
assumption that the Burgess Shale preservation distribution is “true” and finally assuming that
the Chengjiang Biota preservation distribution is the “true” preservation model. Finally, the
probability of finding organisms with only soft cellular tissues (both internal and external to the
exclusion of everything else p(A’NB’NC’NDNE|E) for all three Lagerstdtten was calculated.
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4. BURIAL BY STORM DEPOSITS

This chapter consists of two papers:

e Paper 1: Saleh, F., Candela, Y., Harper, D.A., Polechovd, M., Lefebvre, B. and Pittet, B.,
2018. Storm-induced community dynamics in the Fezouata Biota (Lower Ordovician,
Morocco). Palaios, 33(12), 535-541.

e Paper 2: Saleh, F., Vidal, M., Laibl, L., Sansjofre, P., Gueriau, P., Perez Peris, F., Lustri,
L., Lucas, V., Lefebvre, B., Pittet, B., El Hariri, K., Daley, A.C., 2020. Large trilobites in a
stress-free Early Ordovician environment. Geological Magazine.

Summary

A striking feature reported from several horizons yielding exceptionally preserved animals from
the Fezouata Biota is body size variations between sites and localities. This phenomenon has
been previously described in eocrinoid and stylophoran echinoderms, gastropods, and
trilobites?>3. Previous studies have explained differences in body sizes in marine settings,
either by post-mortem processes (e.g., fossil sorting and preservation)**** or by the pre-mortem
chemical conditions of the water column and sediments®. These conditions reflect mainly
oxygen fluctuations and nutrient availability*°. In this chapter, we investigate body size
fluctuations of brachiopods, bivalves, and trilobites because they constitute key elements of
benthic communities in the Fezouata Biota, and their diversification was a major component of
the Great Ordovician Biodiversification Event?2. The size distributions of four benthic taxa (i.e.
the bivalve Babinka, the two brachiopods Celdobolus and Wosekella, in addition to the trilobite
Platypeltoides) are analyzed, because they are relatively abundant, well preserved, easily
identifiable and all occur at various sites spanning a wide range of environmental conditions.

Both Celdobolus and Babinka (that are epifaunal and shallow infaunal respectively)® show
normal distributions at all sites with an increase in size from proximal to distal localities®°. The
difference in body size between sites is significant>®. While the deep infaunal Wosekella has a
normal distribution at all localities with no evident trends from shallow to deep environments™°.
The increase in size from proximal to distal sites for epifaunal and shallow infaunal sessile taxa
cannot result from fossil sorting and transport because these fossils are preserved in situ at bed
junctions and not within storm deposits'820°, Most importantly, preserved valves do not show
any preferred orientation and are complete with little evidence of abrasion and even minute
details of the shells, such as setae in siphonotretoid brachiopods, are often perfectly preserved™.
Chemical stress from nutrient and oxygen deficiencies could not explain as well size reduction
in proximal sites because any chemical stress should affect the whole benthos and not
selectively choose a couple of taxa in a certain site®. Furthermore, the benthic community in
proximal sites of the Fezouata Shale is diversified*’. The discrepancy in sizes of epifaunal and
shallow infaunal taxa between proximal and distal localities can be explained by differences in
burial rates between localities. Proximal sites are very frequently affected by storms. Storm
deposits can bury, kill, and preserve epibenthic and shallow infaunal sessile taxa. However,
deep infaunal taxa are little affected by a few centimeters of sediments added on top of
previously existing sediments®. Infaunal taxa can continue to grow and attain larger sizes and
this can explain why they do not show any significant difference in sizes between proximal and
distal sites’. The pattern observed for epifaunal and shallow infaunal sessile taxa is also
observed for vagile trilobites in the Fezouata Shale’!. The size of the genus Platypeltoides
increased by four times between proximal and distal sites>!. This cannot be due to ontogeny in
which younger -and therefore smaller- developmental stages favored shallower environments,
and older and larger ones preferred deeper settings, because the material measured here
consistently excluded juvenile stages (defined by the number of thoracic segments)’!. Even if
future work shows a correlation between changes in habitats and developmental stages of some
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trilobites, this fails to explain why older and bigger individuals preferred deeper environments.
Therefore, there must have been external biotic and abiotic conditions that selected for larger
bodies in deeper settings and smaller bodies in more proximal environments. It is likely that
trilobites, similarly to modern vagile arthropods, were able to adapt against physical instabilities
and were little affected by storm turbulences in proximal sites’!. However, they may have
preferred a distal setting because it is calm. Some of them even showed collective behavior by
migrating during storm seasons>2. The distal settings of the Fezouata Shale were also rich in
oxygen and nutrients as suggested by the extreme bioturbation of the sediments®'. The stress-
free environment in the distal settings (little storms, with oxygen and nutrients) explains why
trilobites attained large sizes, died, and are disarticulating on the seafloor!.

Even though the general conditions in the bottom of the water column along the proximal-distal
axis are oxic for the Fezouata Shale, some levels in intermediate settings of this formation are
characterized by low diversity assemblages characterized by an abundance of juveniles>-38,
This possibly reflects that oxygenation was not stable and periods with lower oxygen
concentration existed in these settings possibly pointing to the presence of a temporary oxygen
minimum zone OMZ (Fig. 3). This hypothesis needs further testing using a geochemical
approach. However, at this stage and independently from oxygen availability in the water
column, rapid burial occurred mainly in the most proximal settings of the Fezouata Shale and
impacted size distribution of taxa there. Burial tardiness exists mainly in distal settings and to
some extent in intermediate environments, possibly exposing carcasses to the chemical gradient
of the water column.

f’ B =
OMZ (?)

—

+
Burial rate P
(entombment by sediments) L i e e =

+ 1

Chemical
stress 3 :

Distal Intermediate Proximal

Figure 3. Body size variations of epifaunal, shallow infaunal, and deep infaunal taxa along the proximal-distal
axis of the Fezouata Shale accordingly with differences in burial rates and oxygenation (OMZ= Oxygen

Minimum Zone).
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ABSTRACT: In the Central Anti-Atlas (Morocco), the lower part of the Fezouata Shale has yielded locally abundant
remains of soft-bodied to lightly sclerotized taxa, occurring in low diversity assemblages characterized by strong
spatial and taxonomic heterogeneities, and frequently, by the occurrence of small-sized individuals. Size frequency
analyses of Celdobolus sp., Wosekella sp. (both linguliformean brachiopods) and Babinka prima (babinkid bivalve)
collected in deposits of the Fezouata Shale and associated with distinct paleoenvironmental conditions show that short-
lived communities of epifaunal and shallow infaunal taxa were regularly smothered and killed by distal storm
deposits. Small-sized individuals more likely represent juveniles, rather than ‘dwarfed’ adults (Lilliput Effect).
Consequently, unstable environmental conditions (regular storms, and possibly low oxygenation of the water column)
probably explain the unusual community dynamics of late Tremadocian assemblages of the Fezouata Biota (high
density of individuals, low a-diversity, and high y-diversity), interpreted as short-lived, opportunistic populations. This
process has wider implications for the understanding of occurrences of small individuals elsewhere in the fossil record.

INTRODUCTION

Discovered in the early 2000s in the Central Anti-Atlas of Morocco, the
Early Ordovician Fezouata Lagerstitte has dramatically altered evolution-
ary scenarios on the initial diversification of metazoans during the early
Paleozoic (Van Roy et al. 2010, 2015a; Lefebvre et al. 2016b; Martin et al.
2016a). In the Zagora area, the ~ 900 meter sediments of the Fezouata
Shale (Fig. 1A) have yielded over 200 taxa of marine invertebrates, the
majority of which are shelly organisms typical of the Great Ordovician
Biodiversification Event including asterozoans, bivalves, rhynchonellifor-
mean brachiopods, cephalopods, crinoids, gastropods, graptolites, ostra-
cods, and trilobites (Havlicek 1971; Destombes et al. 1985; Ebbestad 2016;
Gutiérrez-Marco and Martin 2016; Lefebvre et al. 2016a; Martin et al.
2016b; Polechova 2016). The Fezouata Biota also comprises a high
number of soft-bodied to lightly sclerotized taxa, generally preserved as
colorful iron oxides, resulting from the weathering of pyrite (Van Roy
2006; Van Roy et al. 2010, 2015a; Lefebvre et al. 2016b; Martin et al.
2016a). Some of these exceptionally preserved organisms (e.g., cirripede
crustaceans, eurypterid, and xiphosuran chelicerates) represent the oldest
occurrences of particular marine invertebrates, previously recorded from
younger Paleozoic Lagerstitten (Van Roy et al. 2010, 2015a). However, the
Fezouata Biota also includes numerous representatives of soft-bodied to
lightly sclerotized groups typical of early-middle Cambrian, Burgess
Shale-type Lagerstitten (e.g., anomalocaridids, protomonaxonids, armored
lobopodians, marrellomorphs, naraoiids; Botting 2007, 2016; Van Roy et
al. 2010, 2015b; Van Roy and Briggs 2011; Legg 2016).

During the Early Ordovician, the Central Anti-Atlas was located at high
latitudes close to the paleo-South pole (Fig. 1D; see Torsvik and Cocks
2011, 2013). In the Zagora area, the Fezouata Shale deposition occurred in
a storm-wave dominated, cold-water, shallow environment modulated by

Published Online: December 2018

tides (Martin et al. 2016a; Vaucher et al. 2016, 2017). The corresponding
paleoenvironment ranges from the shoreface (sensu Reading 1996) to the
offshore, i.e., right below the storm wave base as described in Vaucher et
al. (2017). In the Fezouata Shale, the distribution of exceptionally
preserved fossils (EPF) is not random, but associated with a narrow
window of favorable environmental conditions, around the storm-wave
base (Martin et al. 2016a; Vaucher et al. 2016, 2017). EPF-bearing levels
typically occur as lenses, located immediately below thin (mm to cm)
levels of coarse siltstones to sandstones (Martin et al. 2015; Vaucher et al.
2016). The Fezouata Biota was thus interpreted as in situ assemblages,
smothered by distal storm deposits (Lefebvre et al. 2016b; Martin et al.
2016a; Vaucher et al. 2016, 2017).

In the Lower Ordovician succession of the Zagora area, favorable
environmental conditions for exceptional preservation are located at two
distinct stratigraphic intervals (Fig. 1A; Lefebvre et al. 2016b, 2018;
Martin et al. 2016a). Based on acritarchs, conodonts, and graptolites
(Gutiérrez-Marco and Martin 2016; Lefebvre et al. 2016b, 2018; Lehnert et
al. 2016; Martin et al. 2016a; Nowak et al. 2016) a late Tremadocian age
(Tr3) was proposed for the lower, about 70-m thick interval. The upper
EPF-bearing interval is narrower (~ 50 m thick), and it occurs about 240 m
higher in the succession (Lefebvre et al. 2016b, 2018). Graptolites suggest
a mid-Floian age (F12) for this upper interval (Gutiérrez-Marco and Martin
2016; Lefebvre et al. 2016b, 2018).

Community structures are markedly different in the two EPF-bearing
intervals (Lefebvre et al. 2018). In the Zagora area, all fossiliferous
horizons sampled in the upper interval have yielded comparable,
particularly abundant and diverse fossil assemblages (~ 50 taxa),
dominated by bivalves, rhynchonelliformean brachiopods, cephalopods,
gastropods, and trilobites (Destombes et al. 1985; Vidal 1998; Kroger and
Lefebvre 2012; Ebbestad 2016; Polechova 2016). Exceptionally preserved
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COMMUNITY DYNAMICS IN THE FEZOUATA SHALE

taxa are rare and constitute a minor component of the fauna (Van Roy
2006; Van Roy and Tetlie 2006; Botting 2016; Lefebvre et al. 2016b, 2018;
Ortega-Hernandez et al. 2016). In contrast, EPF are particularly abundant
and diverse in the lower interval. Both EPF and shelly fossils occur
abundantly in thin, discontinuous levels, yielding low diversity assem-
blages generally dominated by one or two taxa, e.g., anomalocaridids,
linguliformean brachiopods, conulariids, cornute stylophorans, eocrinoids,
graptolites, hyolithids, marrellomorphs, sponges, trilobites, and/or xypho-
surans (Botting 2007, 2016; Van Roy et al. 2010, 2015a, 2015b; Van Roy
and Briggs 2011; Martin et al. 2015; Gutiérrez-Marco and Martin 2016;
Lefebvre et al. 2016a; Van Iten et al. 2016; Allaire et al. 2017). In this
interval, each individual horizon yields a unique assemblage, in terms of
faunal content and/or relative proportions of occurring taxa. Thus, one of
the most striking features of fossil assemblages recovered from the lower
EPF-bearing interval is the extreme taxonomic and spatial heterogeneity of
each horizon (Van Roy et al. 2015a; Botting 2016; Lefebvre et al. 2016a).
The high cumulative diversity (y-diversity) recorded in this interval (~ 150
taxa) suggests that the low diversity observed for each individual
assemblage (a-diversity) could represent a kind of random sampling of a
larger pool of taxa.

Another intriguing feature reported from several upper Tremadocian
horizons yielding EPF in the Zagora area is the repeated occurrence of taxa
represented exclusively by small-sized individuals: this phenomenon has
been described in eocrinoid and stylophoran echinoderms (Lefebvre and
Botting 2007; Lefebvre et al. 2016a), gastropods (Ebbestad 2016), and
trilobites (Martin 2016). In both echinoderms and gastropods it is difficult
to identify whether such assemblages of small-sized individuals are
comprised of only juveniles, or if they correspond to populations of
‘dwarfed’ adults (Lefebvre and Botting 2007; Ebbestad 2016; Lefebvre et
al. 2016a). On the other hand, the assemblage of small-sized trilobites
(Anacheirurus adserai and Bavarilla zemmourensis) reported by Martin
(2016) is apparently composed of meraspid (adult) individuals, about half
their ‘standard’ size documented in other levels and/or geographic areas.

The study of body size is important to understand the biological and
ecological adaptations of an individual to its environment (Jablonski 1996;
Vermeij 2016). Previous studies have explained spatial differences in body
sizes in marine settings, either by post-mortem processes (e.g., fossil
sorting and preservation; Brenchley and Harper 1998) or by the pre-
mortem chemical conditions of the water column and sediments. These
conditions reflect mainly oxygen fluctuations (Savrda and Bottjer 1986;
Payne and Clapham 2012; He et al. 2017) and nutrient availability
(Twitchett 2007; He et al. 2010). Consequently, the aim of this paper is to
identify the physical mechanisms (e.g., storm influence) possibly involved
in body-size changes in late Tremadocian fossil assemblages of the
Fezouata Shale. This study is focused on brachiopods and bivalves, which
constitute a key element of benthic communities in the Fezouata Biota
(Havlicek 1971; Mergl 1981; Babin and Destombes 1990; Destombes et al.
1985; Van Roy et al. 2010, 2015a; Polechova 2016), and the diversification
of which was a major component of the Great Ordovician Biodiversifi-
cation Event (Harper 2006; Servais and Harper 2018). The size distribution
of three benthic taxa (the bivalve Babinka and the two brachiopods
Celdobolus and Wosekella) is analyzed, because they are relatively
abundant, well preserved, easily identifiable and all occur at various
horizons spanning a wide range of environmental conditions in the late
Tremadocian EPF-bearing interval of the Zagora area.
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A

Fic. 2.—Late Tremadocian babinkid bivalves and linguliformean brachiopods
from the Fezouata Shale, hill east of Tamegroute, Zagora area, Central Anti-Atlas
(Morocco). A, B) Babinka prima Barrande, 1881: AA-TGR1c-OI-178 and AA-
TGR1c-OI-14, respectively. Scale bars = 2 mm. C, D) Wosekella sp.: AA-TGRI1c-
0OI-102 and AATGR1¢c-OlI-155, respectively. Scale bars = 2 mm. E, F) Celdobolus
sp.: AA-TGR1¢-OI-78 and AA-TGR1c-OI-62, respectively. Scale bars = 2 mm.

MATERIAL AND METHODS

Over 300 specimens of bivalves and brachiopods were collected from
seven different localities in the lower interval yielding EPF (4raneograptus
murrayi graptolite Zone, late Tremadocian) in the Fezouata Shale. The
position of these localities along a proximal-distal axis and in the Zagora
area is shown (Fig. 1B, 1C, respectively). For this study, only specimens
belonging to the three genera Celdobolus, Wosekella, and Babinka were
included (Fig. 2), because these three taxa are suitably abundant at all sites.
This choice was further motivated by the putative modes of life of these

—

Fi. 1.—Geologic context of the studied material. A) Synthetic stratigraphic column of the Lower Ordovician succession in the Zagora area, Morocco showing the position
of the two intervals yielding exceptionally preserved faunas (KsL); modified from Gutiérrez-Marco and Martin (2016) and Lefebvre et al. (2018). Colors on the log
correspond to those of the rocks exposed. B) The position of studied levels along a proximal-distal axis. C) The position of studied localities in the Zagora region. D) The

Early Ordovician and current position of the Zagora area.
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Fic. 3.—Statistical analysis on brachiopods and bivalves in the Fezouata Shale, Zagora area (Morocco). A) Size distribution for Celdobolus sp., Babinka prima Barrande,
1881 and Wosekella sp. at all sites. B) Shapiro-Wilk p-values for normality. C) T-test p-values for significant differences in size between sites.

three taxa. Celdobolus has been interpreted as a typical epifaunal genus,
possibly epizoic on sponges (Mergl 2002). Cambrian species of Wosekella
have been interpreted in some occurrences as semi-infaunal low
suspension feeders (Mergl and Kordule 2008) or epifaunal (attached with
the pedicle to the substrate; see Pettersson Stolk et al. 2010). However,
Ordovician Wosekella is generally interpreted as endobenthic (Mergl
2002). Babinka, a primitive bivalve, is regarded as a shallow-water
infaunal taxon (Guild G5 suspensivorous—free endofaunal of Sanchez
2008; see also McAlester 1965; Polechova 2016), based on the subcircular
outline and globose profile of the shell. For measurements and analyses,
only complete shells were retained.

The width W, the length L, and the height H of different shells were
measured using a Zeiss SteREO Discovery V8 stereomicrocope linked to a
Zeiss AxioCam MRc5 digital camera with a precision of 0.01 mm. The
body size G = (L+W)/2 (Fig. 3) was calculated for brachiopods according
to Jablonski (1996), and for bivalves: G = (H+L)/2 (Fig. 3) according to
Carter et al. (2012). Afterward, the mean size for each genus was
determined. Data were plotted as size-frequency histograms in PAST; the
Shapiro-Wilk test for normality was then made and for normal
distributions, a Student t-test was applied to check if there is a significant
difference in size between sites (Hammer et al. 2001).

All studied material is registered in the collections of the Cadi Ayyad
University, Marrakesh (Morocco). Precise GPS coordinates of the studied
localities are reported on specimen labels, and are available upon request.

RESULTS

The studied specimens consist of disarticulated valves that do not show
any preferential orientation (simply disarticulated by wave orbitals, with no
or limited transport before burial; Vaucher et al. 2016, 2017). The majority
of sampled valves were complete without any evidence of damage or
abrasion. They were preserved at the base of storm events (covered by very
fine to fine-grained sandstones or coarse siltstones showing normal
grading or oscillatory structures; Vaucher et al. 2016, 2017).

Both Celdobolus and Babinka show normal distributions at all sites
(Fig. 3A, 3B) with an increase in size from proximal to distal localities
(Fig. 3A). The difference in body size between sites is significant (Fig.
3C). Wosekella has a normal distribution at all localities (Fig. 3A, 3B).
However, no trend is evident from shallow to deeper environments (Fig.
3A) and the size differences between sites is not significant (Fig. 3C).

DISCUSSION

The mean size values observed for Wosekella at all sites are comparable
to those reported for this genus in Lower Ordovician deposits from other
regions (e.g., Bohemia; Mergl 2002). Similarly, the mean size values
obtained for both Babinka and Celdobolus in the distal-most site are
similar to those described for this genus in other areas (e.g., Bohemia;
McAlester 1965; Mergl 2002; Polechova 2013). In marked contrast,
specimens of both Babinka and Celdobolus from Z-F50 are about half the
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size of those occurring in both Z-F4 and other Lower Ordovician
assemblages (McAlester 1965; Mergl 2002; Polechova 2013). This
significant difference in the mean size of Babinka and Celdobolus from
the Fezouata Shale can be explained either by post-mortem or pre-mortem
processes.

Post-mortem taphonomic processes include fossil sorting and preser-
vation (Kidwell 1991; Brenchley and Harper 1998). At all sites,
brachiopods and bivalves are apparently preserved in situ with little to
no evidence of significant lateral transport (disarticulated but complete
valves with no preferential orientation) (Vaucher et al. 2016, 2017), and
even minute details of the shells, such as setae in siphonotretoid
brachiopods, are often perfectly preserved. The preservation of such
extremely delicate and brittle structures rather suggests the in situ burial
of autochthonous benthic populations by distal storm deposits. Thus, the
abundance of small-sized assemblages of bivalves and Celdobolus in
proximal sites cannot simply be interpreted as resulting from sorting and
preservation.

During pre-mortem processes, chemical parameters (e.g., low oxygen
concentrations, oligotrophic waters) have been frequently invoked to
explain severe reductions in the mean size of adults in populations of
marine invertebrates (Tasch 1953; Urlichs 2012; Botting et al. 2013). This
phenomenon (‘Lilliput Effect’) has been advocated for marine faunas,
particularly those associated with the survival and recovery phases
following extinction events (e.g., Huang et al. 2010; Twitchett 2007).
The Lilliput Effect generally affects most elements of the biota, across a
wide range of taxonomic levels. In the Fezouata Shale, the possible
occurrence of a Lilliput Effect was questioned for several low-diversity
assemblages from the lower EPF-bearing interval, yielding small-sized
trilobites (Martin 2016), echinoderms (Lefebvre et al. 2016a), and
gastropods (Ebbestad 2016). At proximal sites, however, there is no
evidence supporting the existence of a putative Lilliput Effect: with the
exception of Babinka, Celdobolus and possibly some other co-occurring
epibenthic brachiopod genera (Elliptoglossa, Monobolina, and Orbithele),
all other components of the associated benthic fauna (including trilobites
and some brachiopods, such as Wosekella; Fig. 2A) do not show any
reduction in size. Unfavorable chemical conditions should have affected
the whole benthos. In these sites, small-sized specimens of Babinka thus
more likely correspond to juveniles, rather than to ‘dwarfed’ adults.

Physical parameters of the water column (e.g., storm intensity, currents)
are other pre-mortem processes possibly involved in the observed pattern
of size distribution. When entombed by sediment, deep infaunal organisms
have a greater chance of physically being able to react than epifaunal or
shallow infaunal ones (Freeman et al. 2013). Taxa like Wosekella with a
reduced dorsal pseudointerarea and smooth, elongate suboval valves (Emig
1997; Bassett et al. 1999) have the capability to re-orient upward and the
possibility of burrowing upwards. Hammond (1983) described that in
experimental conditions, 100% of Lingula anatina buried in 5 to 10 cm of
sediment survived, and 70% of L. anatina with pedicles emerged from 20
cm of sediment. Moreover, Thayer and Steele-Petrovic (1975) demonstrat-
ed that, using modern genus Glottidia, after entombment, reorientation and
re-burrowing were successful, even in the case of animals losing their
pedicles. On the other hand, Hutchinson et al. (2016) showed a high
mortality of sessile epibenthic bivalves after their burial by sediment. As it
is the case during storms, even shallow infaunal taxa are subjected to the
power of the wave orbitals, which snatch the animals from their life
position in the burrow. The result is that the organisms may become
disoriented and lie in a position that is far from their normal life position.

In the Fezouata Shale, the storm record varies between localities and
between different levels at the same locality (Vaucher et al. 2017). During
storm events, wave orbitals generated in the water column, in addition to
the quantity of burial material, if any, clearly had an impact on benthic
communities. Proximal, shallow-water settings were more affected by
storms and wave orbitals, and larger amounts of sediment were deposited
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than in more distal, deeper-water environments (Vaucher et al. 2016,
2017). In this context, the demographics observed for Babinka,
Celdobolus, and Wosekella in the Fezouata Shale can be simply explained
by both their presumed mode of life and physical ability to re-burrow and
reorient to their normal life orientation, and external physical parameters
(e.g., storm intensity) depending on their position along a proximal-distal
gradient. In proximal settings (e.g., Z-F50), shallow infaunal taxa (e.g.,
Babinka) are exclusively represented by small-sized, probably juvenile
individuals, whereas deeper infaunal genera that actively respond to
physical stress exhibit a much wider range of sizes, including putative
adult individuals. This suggests that, in shallow-water settings, Babinka
individuals were regularly smothered and killed by thin distal storm
deposits. In contrast, individuals of Wosekella were less affected and could
reach larger sizes. In more distal environments (e.g., Z-F4), both
epibenthic/shallow infaunal (e.g., Babinka, Celdobolus) and deep infaunal
(e.g., Wosekella) communities were little affected by storms, so that
individuals could reach larger sizes and form stable, ageing populations
(Fig. 4). Consequently, in the lower EPF-bearing interval of the Fezouata
Shale, reaching large sizes in an environment constantly affected by storms
seems to be related to better success colonizing the sea floor, due to larval
transport by fair weather currents. These currents allowed randomly the
(re)colonization of either a high or a low-energy setting, thus permitting or
preventing the growth of Babinka, Celdobolus and possibly other
epibenthic or shallow infaunal taxa into full-sized adults.

In the late Tremadocian of the Zagora area, the persistence of unstable
environmental conditions in shallow settings prevented the colonization of
the sea bottom by stable, long-ranging communities of sessile or slow-
moving epibenthic/shallow infaunal taxa. These stressful environmental
conditions probably explain the high spatial and taxonomic heterogeneity
observed in this interval of the Fezouata Shale, and support the
interpretation of the low-diversity assemblages occurring in these levels
as opportunistic populations buried in sifu by distal storm sedimentation.
This interpretation is in good agreement with previous reports of similar,
low diversity, Early-Mid Ordovician benthic assemblages dominated by
primitive bivalves (Cope 1999; Sanchez and Benedetto 2007) and/or by
linguliformean brachiopods (Popov et al. 2013).

CONCLUSIONS

The low-diversity, dense assemblages occurring in most fossiliferous
horizons of the late Tremadocian EPF-bearing interval of the Fezouata
Shale are not generated by currents, but they correspond to autochthonous
communities smothered by distal storm deposits (Martin et al. 2015,
2016a; Vaucher et al. 2016, 2017). Both the spatial heterogeneity and
unusual demographics displayed by these assemblages can be explained by
relatively unstable environmental conditions, both in terms of oxygenation
(dysoxic to anoxic settings; see Botting 2016; Martin et al. 2016b) and
storm activity (Vaucher et al. 2016). It is thus very likely that the
particularly dense and patchy, low-diversity assemblages observed in this
interval correspond to successive colonization of the sea floor by
opportunistic taxa (Botting 2016; Lefebvre et al. 2016a). At several
horizons, the small size of most individuals suggests that these epibenthic
or shallow infaunal populations were short-lived and repeatedly buried by
distal storm deposits.

This study also constitutes the first step to elaborate a proxy, at
generic level, relating shell sizes to bathymetry, in a storm-wave
dominated environment. Additionally, it shows that a new mechanism,
related to physical processes, can explain size differences independently
from the chemical conditions of the water column and their related
dwarfism. Finally, this study highlights the utility of understanding life
habit and more broadly paleoecology for fully understanding fossil
assemblages.
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Abstract

Understanding variations in body size is essential for deciphering the response of an organism
to its surrounding environmental conditions and its ecological adaptations. In modern envi-
ronments, large marine animals are mostly found in cold waters. However, numerous param-
eters can influence body-size variations other than temperatures, such as oxygenation, nutrient
availability, predation or physical disturbances by storms. Here, we investigate trilobite size
variations in the Lower Ordovician Fezouata Shale deposited in a cold-water environment.
Trilobite assemblages dominated by small- to normal-sized specimens that are a few centi-
metres in length are found in proximal and intermediate settings, while those comprising larger
taxa more than 20 cm in length are found in the most distal environment of the Fezouata Shale.
Drill core material from distal settings shows that sedimentary rocks hosting large trilobites
preserved in situ are extensively bioturbated with a high diversity of trace fossils, indicating
that oxygen and nutrients were available in this environment. In intermediate and shallow set-
tings, bioturbation is less extensive and shallower in depth. The rarity of storm events (minimal
physical disturbance) and the lack of predators in deep environments in comparison to shal-
lower settings would also have helped trilobites attain larger body sizes. This highly resolved
spatial study investigating the effects of numerous biotic and abiotic parameters on body size
has wider implications for the understanding of size fluctuations over geological time.

1. Introduction

Considered one of the most important aspects of animal biology (Bonner, 2006), body size
results from numerous biotic and abiotic factors (Bell, 2014). Vertebrate size variations over
geological time have received considerable attention (Sander & Clauss, 2008; Geiger et al.
2013). Comparatively, marine invertebrates have been less studied (Lamsdell & Braddy,
2009; Klug et al. 2015; Sigurdsen & Hammer, 2016). For instance, it is well agreed that low tem-
peratures can be responsible for the large sizes of modern marine invertebrates (i.e. Bergmann’s
rule; Timofeev, 2001; Moran & Woods, 2012). Nevertheless, if this was the sole parameter con-
trolling body size, all taxa at high latitudes should be larger than genera found at lower latitudes.
This is rarely the case because size variations occur locally in a specific palaeoenvironment, as a
result of changes in water depth, oxygenation, predation, nutrient availability or even physical
disturbances caused by storm events (Saleh et al. 2018).

During the Ordovician Period, Morocco was part of the Gondwana margins, at high lati-
tudes, close to the South Pole. The Fezouata Shale was deposited in the Zagora region in
Morocco, under cold waters at the transition between two major evolutionary events: the
Cambrian Explosion and the Great Ordovician Biodiversification Event (Martin et al
2016b). In this formation, two sedimentary intervals have yielded thousands of exceptionally
preserved fossils belonging to different groups such as arthropods, echinoderms, molluscs
and sponges (Vinther et al. 2008, 2017; Van Roy et al. 2010, 2015a; Marti Mus, 2016;
Lefebvre et al. 2019). A striking feature of this formation is extreme body size fluctuations at
both taxon and assemblage scales between localities and even between different levels of the
same locality (for further details, see Ebbestad, 2016; Lefebvre et al. 2016; ELO Martin, unpub.
PhD thesis, University of Lyon, 2016; Saleh et al. 2018). Trilobites occur in all sites from the
Fezouata Shale and show a large body-size range in this formation. Abundant and spectacular
specimens of very large trilobites were found at Ouled Slimane near the Tansikht bridge
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(Rabano, 1990; Fortey, 2009; Lebrun, 2018). In this study, the
sedimentological and taphonomic contexts of levels with large tri-
lobites from the Fezouata Shale are elucidated, in order to contrib-
ute to the understanding of body-size fluctuations in the geological
record (see also Lamsdell & Braddy, 2009; Klug et al. 2015;
Sigurdsen & Hammer, 2016).

2. Geological and palaeoenvironmental context

A long-term transgression at the beginning of the Ordovician
Period created epicontinental seas on the Gondwana margins in
the Southern Hemisphere (Torsvik & Cocks, 2011, 2013). The
Fezouata Shale Formation (Fig. 1a) was deposited in a cold-water
sea at high latitudes (over 60° S), close to the South Pole (Fig. 1b)
(Torsvik & Cocks, 2013; Martin et al. 2016a). Sedimentary rocks of
this formation consist of blue-green to yellow-green siltstones
(Destombes et al. 1985). The 900-m-thick succession of the
Fezouata Shale (Fig. 1a) was deposited in a storm/wave-dominated
environment with a minor influence of tides (Vaucher et al. 2016).
In this environment, sedimentological structures indicate a deep-
ening trend from the SE to the NW (Fig. 1c) as shown in Vaucher
et al. (2017). The most proximal settings during late Tremadocian
time (A. murrayi Zone) therefore occur near Tamegroute (about
20 km ESE of Zagora; Fig. 1c) (Saleh et al. 2018). In this locality,
sedimentary rocks comprise coarse siltstones to fine-grained
sandstones showing hummocky cross-stratifications (HCS) of
centimetre- to decimetre-scale wavelengths (Vaucher et al. 2016)
(Fig. 1d). Intermediate settings of the Fezouata Shale occur in
Bou Izargane in the Ternata plain about 20 km north of Zagora
(Fig. 1c). In this setting, sedimentary rocks are characterized by
finer siltstones and more abundant background sediments than
in Tamegroute, in addition to the presence of storm events with
up to centimetre-scale HCS (Saleh et al. 2019) (Fig. 1d). The aver-
age sedimentation rate in this area was estimated ~79 m/Ma (Saleh
et al. 2019). The progradation model proposed by Vaucher et al.
(2017) suggests that the Ouled Slimane area is associated with
more distal settings (Fig. 1c). A field campaign was organized in
2019 to better constrain the depositional environment of this local-
ity (see Section 3).

As for the faunal content of the different sites, all three localities
yielded diverse assemblages of marine invertebrates (Saleh et al.
2018). However, Tamegroute is characterized by sessile epibenthic
taxa (bivalves, brachiopods) that are about half the size of those in
Bou Izargane (Saleh et al. 2018). Size variations in the Fezouata
Shale between localities are not limited to brachiopods and
bivalves. Trilobites also show body-size discrepancies between
localities. The largest trilobites from the Fezouata Shale are found
at Ouled Slimane (Rabano, 1990; Fortey, 2009; Lebrun, 2018).

3. Materials and methods

Two successive field campaigns were carried out in the Zagora
region in 2018 and 2019 and two cores were obtained. The first
core (c. 13 m) was drilled in the intermediate setting of Bou
Izargane. The second core (c. 2.5 m) was made in Ouled
Slimane, crossing the interval in which large trilobites were discov-
ered. Both cores correspond strictly to the same stratigraphic inter-
val in the Araneograptus murrayi biozone (Vaucher et al. 2016;
Saleh et al. 2018). Cores were described for their lithology, grain
size, depositional sedimentary structures and bioturbation inten-
sity and size at the University of Lausanne, Switzerland, and are
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currently deposited at the University of Brest. All levels crossed
by cores were repeatedly sampled from 2004 to 2017, and yielded
a large number of fossils (most of them are deposited in the col-
lections of the Cadi-Ayyad University, Marrakesh). Trilobite taxa
and assemblages discovered in these levels are determined at the
specific or generic level. The size distribution of trilobites was
investigated between localities by measuring the full length of indi-
viduals from the anterior margin of the cephalon to the posterior
margin of the pygidium. The sizes of representatives of the trilobite
genus Platypeltoides, which occurs in all localities (Table 1), were
measured based on the sagittal length of the pygidium, including
articulation half ring.

The current taxonomy of Platypeltoides is uncertain. Platypeltoides
magrebiensis Rabano, 1990 was the only species of this genus reported
from the Fezouata Shale (Rabano, 1990; Martin et al. 2016b). Recently,
Corbacho et al. (2018) described four species of Platypeltoides from
Morocco. The differences between these species are based on genal
spine morphologies, the position of the eyes and the presence/absence
of an anterior border (Corbacho et al. 2018). There are several issues
with the definition of the new species. First, the morphology of the
genal spine changes remarkably during ontogeny (Chatterton,
1980; Chatterton & Speyer, 1997; Park & Choi, 2009; Laibl et al.
2015) and differences in the position of eyes can be an effect of
taphonomic compression (see Hughes & Rushton, 1990 for detailed
explanation). Second, genal spines in Moroccan trilobites are often
artificially modified by local collectors (Gutiérrez-Marco & Garcia-
Bellido, 2018). Most importantly, species other than P. magrebiensis
are based on the description of a single specimen (P. hammondi
Corbacho & Ldpez-Soriano, 2016; P. carmenae Corbacho et al.
2017) or four specimens (P. cuervoae Corbacho & Lopez-Soriano,
2012). Consequently, until more material is found and a comprehen-
sive revision of the genus is performed, we consider P. magrebiensis as
the only valid species and refer all our material to it.

4. Results
4.a. Trilobite size and preservation

The most diverse trilobite assemblage is found in the intermediate
setting locality, Bou Izargane (i.e. seven taxa; Table 1). Four of these
taxa are also found in the more proximal site of Tamegroute.
Platypeltoides magrebiensis is the only taxon that is found across
the proximal-distal axis (Table 1). The mean total sagittal length
of all trilobite taxa recorded in the distal site of Ouled Slimane is
32.4 cm (median =31.9 c¢m; standard deviation (SD)=1.41 cm;
n=231), which is four times larger than the mean total sagittal
length of all trilobites recorded in Bou Izargane (mean =7.37 cmy
median = 5.9 cm; SD = 1.21 cm; n = 14), and eight times larger than
the mean total sagittal length of all trilobites recorded in Tamegroute
(mean = 3.78 cm; median = 3.7 cm; SD = 1.24 cm; n = 15) (Fig. 2a;
and online Supplementary Tables S1 and S2, available at http://
journals.cambridge.org/geo). Total sagittal lengths of trilobite
forming the assemblages in Ouled Slimane, Bou Izargane and
Tamegroute are statistically normally distributed (Shapiro-Wilk test,
P value:0.97, 0.23 and 0.4, respectively) (online Supplementary
Table S3). Trilobite size variations between two contiguous
localities (i.e. Ouled Slimane and Bou Izargane, Bou Izargane and
Tamegroute) are significantly different (t-test, P value: 3.85 X 10714
and 0.006, respectively; see online Supplementary Table S4). The
increase in size between proximal and distal sites is not only evi-
denced between assemblages, but also between different species
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belonging to the same group (e.g. Asaphellus belonging to asaphids,
and Platypeltoides belonging to nileids; Table 1).

The mean pygidial sagittal length including axial half ring of
Platypeltoides in Ouled Slimane is 6.3 cm (median=6.2 cmy
SD = 0.5 cm; n = 9), which is twice as long as than the mean pygidial
sagittal length recorded in Bou Izargane (mean = 3.3 cm; median =
3.5 cm; SD =0.84 cm; n=5) and four times as large as the mean
mean pygidial sagittal length recorded in Tamegroute (mean=
1.29 cm; median = 1.32 cm; SD = 0.35 cm; 1 = 5) (Fig. 2b, see online
Supplementary Tables S5 and S6 for detailed measurements and
summary statistics). Pygidial sagittal length measurements for
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Platypeltoides are normally distributed in Ouled Slimane, Bou
Izargane and Tamegroute (Shapiro-Wilk test, P value: 0.39, 0.76
and 0.19 respectively; see online Supplementary Table S7). Pygidial
sagittal length variations for Platypeltoides between Ouled Slimane
and Bou Izargane, in addition to those between Bou Izargane and
Tamegroute, are statistically significantly different (t-test, P value:
0.0012 and 3.5x107C, respectively) (online Supplementary Table S8).

Trilobites from Ouled Slimane are preserved in silicified,
quartz-rich concretions. Some are disarticulated and others are
complete (Fig. 3a—e). Trilobites from the two other localities are
preserved in shales (Fig. 3f-h).
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Table 1. Trilobite diversity, abundances and sizes in the studied localities from the Lower Ordovician of the Fezouata Shale

Locality Trilobite No. Size range (cm)
Tamegroute Anacheirurus adserai (Vela & Corbacho, 2007) 2 4-4.8
Asaphellus sp. aff. jujuanus Harrington, 1937 2 3.7-4.1
Bavarilla sp. 4 2.2-2.8
Euloma sp. 2 3.1
Platypeltoides magrebiensis Rabano, 1990 5 3.3-6.2
Bou lzargane Asaphellus sp. aff. jujuanus Harrington, 1937 2 3.9-6.2
Bavarilla sp. 2 3.7-4.1
Euloma sp. 1 3.8
Geragnostus sp. 1 0.9
Megistaspis sp. 1 5.6
Platypeltoides magrebiensis Rabano, 1990 5 8.5-16.1
Symphysurus sp. 2 3.9-4.2
Ouled Slimane Asaphellus stubbsi Fortey, 2009 7 24.1-38
Dikelokephalina brenchley Fortey, 2010 13 24.2-33.7
Ogyginus sp. 7 39.2-49.1
Platypeltoides magrebiensis Rabano, 1990 4 18-23
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Fig. 2. (Colour online) Trilobite size fluctuations in the Fezouata Shale. (a) General body size patterns, all taxa included, in Ouled Slimane, Bou Izargane and Tamegroute.
(b) Differences in the pygidial sagittal length of Platypeltoides magrebiensis between localities.

4.b. Sedimentological context

The background sediments in Bou Izargane in the Fezouata Shale
consist of very fine siltstones to claystones (Fig. 4a-d). In Bou
Izargane, coarse siltstone event deposits are abundant (Fig. 4e).
Event deposits have an erosive base and show occasionally
HCS (Fig. 4e). In Ouled Slimane, event deposits are rare and con-
sist of quartz silts that are finer than in Bou Izargane (generally
< 40 um) (Fig. 4a). When they occur, they do not exceed 1 cm in
thickness and lack HCS (Fig. 4a). Bioturbation occurs in all cores
but it shows variations in both depth and intensity. Some inter-
vals are only lightly bioturbated with a bioturbation depth of
around 1 mm, while others are highly bioturbated with a biotur-
bation depth of a few centimetres (Fig. 4f). Intensity of biotur-
bation varies from light (< 10% of sedimentary rocks showing

evidence of biological activity) to moderate (10-30% of sedi-
mentary rocks showing evidence of biological activity), high
(30-70% of sedimentary rocks affected by biological activity)
and extreme (> 70% of sedimentary rocks reworked by biologi-
cal activity). The used scale for the studied cores is simplified
after the bioturbation index in Taylor & Goldring (1993).
However, there is no direct correlation between bioturbation
depth and intensity. Some intervals can be extremely biotur-
bated with a bioturbation depth that does not exceed a few
millimetres (Fig. 4c). Generally, sediments from Ouled
Slimane are more extensively bioturbated than in Bou Izargane
in terms of both intensity of their traces and their depth (Fig. 4f).
In Bou Izargane, bioturbation is generally less than 1 cm in
depth (Fig. 4f).
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5. Interpretation and discussion
5.a. Depositional environment and preservation

In marine settings, grain sizes are indicative of the distance trav-
elled from the source by sediments (Nichols, 2009). In the
Fezouata Shale, coarse grains are found towards the south east,
closer to the source, compared with finer sediments that are mainly
deposited in the basin (Vaucher et al. 2016, 2017). Furthermore,
the abundance of storm events is indicative of the energy of the
depositional environment (Nichols, 2009; Perillo et al. 2014).

Fig. 3. (Colour online) Trilobites
from the Fezouata Shale, Morocco.
(a—e) Large trilobites from Ouled
Slimane preserved in concretions.
(a) External moulds of trilobites not
picked up by collectors. (b) Thorax
and pygidium of Platypeltoides
magrebiensis. (c) Incomplete crani-
dium of Platypeltoides sp. (d) Part
of the thorax and pygidium of
Dikelokephalina  brenchleyi. ()
Pygidium of Asaphellus stubbsi. (f)
Normal-sized Symphysurus sp. from
Bou lIzargane. (g, h) Normal-sized
Platypeltoides magrebiensis from (g)
Bou lzargane and (h) Tamegroute
preserved in shales (AATGR0aOI132).

Stacked storm events designate a shallow unstable environment
that is constantly agitated by waves (Nichols, 2009). In these agi-
tated settings, waves generate orbitals in the water column that
decrease in size with depth, leaving oscillation traces such as
HCS on the sea floor (Vaucher et al. 2016, 2017). The deeper
the water column, the smaller are the HCS. The presence in the
Fezouata Shale of very fine siltstones to claystones with a scarce
presence of storm events and an absence of HCS therefore indicate
that the sedimentary succession at Ouled Slimane was deposited
relatively far from the source in a stable environment that was
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Fig. 4. (Colour online) Drilled sedimentary rocks from Ouled
Slimane and Bou lzargane. (a) Core sediments from Ouled
Slimane showing the dominance of background clayey to silty
sediments with rare, coarser-grain-event deposits. Bioturbation
intensity variations between intervals at Ouled Slimane from
(a) light to (b) high and (c) extreme. (d) Biotubation depth of a
few centimetres in Ouled Slimane. (e) Core sediments from
Bou Izargane are less bioturbated and more affected by storm
deposits. (f) Bioturbation intensity and depth along the core in
Ouled Slimane and Bou Izargane. All scale bars are 1 cm in length.
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rarely agitated by storm waves. In the Fezouata Shale, Ouled
Slimane is the most distal locality. Despite being distal in position,
an abundant bioturbation (i.e. light, high and extreme) with var-
iable depth (from a few millimetres to 4 cm) and a high diversity
of trace fossils are observed in the sedimentary succession in Ouled
Slimane. This confirms that this environment was colonized by
benthic organisms and shows that little to no chemical stress
(i.e. related to nutrients and oxygen availability) occurred in the
bottom of the water column, but also, at least, in surface sediments.

In the Fezouata Shale, two modes of preservation have been evi-
denced. The first mode, consisting of the preservation of both min-
eralized and soft-bodied taxa in shales, is well understood (Martin
et al. 2016a; Saleh et al. 2019). Living organisms of the Fezouata
Biota colonized the sea floor and were repeatedly buried in situ
by event deposits (Vaucher et al. 2017). The second mode consists
of preservation in concretions, and the processes underlying it are

more complex (McCoy et al. 2015a, b). Siliceous concretions sim-
ilar to those preserving large trilobites at Ouled Slimane have been
described from distal settings of the Fezouata Shale by Gaines et al.
(2012) and Vaucher et al. (2017). The original siliceous material for
the formation of these concretions comes from more proximal
localities (Vaucher et al. 2017). However, the growth of these con-
cretions was controlled by the decay rates of dead animals covered
by event deposits (Gaines et al. 2012). Permissive anoxic condi-
tions are established when a large carcass is decaying, leading to
mineral overgrowth around decaying carcasses (Gaines et al
2012). This model was used to explain the preservation of giant
and complete invertebrates in situ in the Fezouata Shale (i.e. radio-
donts such as Aegirocassis; Gaines et al. 2012; Van Roy & Briggs,
2011; Van Roy et al. 2015b). The presence of partially articulated
and complete large trilobites in the concretions from Ouled
Slimane argue, in a similar way to Aegirocassis, in favour of an
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autochthonous preservation. If transport occurred, it was most
likely limited and from the same distal setting (i.e. a few metres
only).

5.b. Body-size fluctuations

Many trilobite genera included in this study have also been discov-
ered from other high-latitude (peri) Gondwanan localities. For
instance, the Tfenice and Milina formations (upper Tremadocian;
Czech Republic) have yielded a large number of trilobites compa-
rable in size to those found in Tamegroute and Bou Izargane
(i.e. total sagittal length of Anacheirurus c. 3.5 cm, Euloma
c. 2.5 cm, Platypeltoides c. 5.5 cm, Geragnostus c. 0.6 cm; see e.g.
Mergl, 2006). Other assemblages of similarly sized trilobites are
known in the upper Tremadocian Saint-Chinian Formation,
France (i.e. total sagittal length of Euloma c. 3.3 cm, Geragnostus
¢. 1.1 cm, Megistaspis c. 3.9 cm, Symphysurus c. 3.4 cm; Thoral,
1935; Capéra et al. 1975, 1978; Courtessole & Pillet, 1975; Courtessole
et al. 1981). Euloma was also found in the upper Tremadocian
Vogtendorf Formation of Germany with a total sagittal length of
¢. 5.5 cm (Sdzuy et al. 2001).

Although rare in the fossil record, occurrences of large trilobites
are not restricted to the lower part of the Fezouata Shale. Other
known occurrences include, for example: the Cambrian Series
2 Emu Bay Shale, Australia (Holmes et al. 2020); the Cambrian
Series 2 to Miaolingian Jbel Wawrmast Formation of Morocco
(Geyer, 1993); the Early Ordovician ‘Schistes a Gateaux’
Formation, France (Thoral, 1946; P. Bérard, unpub. PhD thesis,
University of Montpellier, 1986); the Middle Ordovician Valongo
Formation, Portugal (Rabano, 1990; Gutiérrez-Marco et al. 2009);
the Late Ordovician Churchill River Group, Canada (Rudkin et al.
2003); and the Middle Devonian Onondaga Limestone, New York,
USA (Whiteley et al. 2002). In general, the largest trilobites occur
in a wide array of environments. Some of them were reported from
low-latitude nearly equatorial areas, in shallow-water carbonates
(Whiteley et al. 2002; Rudkin et al. 2003) or deeper, but still near-
shore siliciclastic deposits (Paterson et al. 2016). Others come from
high latitudes (over 60° S) of the West Gondwana margin, where
they are preserved either in distal mudstones (Gutiérrez-Marco
et al. 2009), fine-grained sandstones and shales (Geyer, 1993),
and concretions (Thoral, 1946; P. Bérard, unpub. PhD thesis,
University of Montpellier, 1986). The best analogue for the
Ouled Slimane assemblage is therefore probably the Early
Ordovician fauna described in the ‘Schistes & Gateaux’ of the
Cabriéres area (eastern-most part of the southern Montagne
Noire; P. Bérard, unpub. PhD thesis, University of Montpellier,
1986). In this region, similarly sized concretions (70-100 cm in
diameter) formed under comparable depositional settings yielded
abundant remains of both disarticulated and fully articulated large
trilobites belonging to Asaphidae and Nileidae (P. Bérard, unpub.
PhD thesis, University of Montpellier, 1986). During Early
Ordovician time, the Montagne Noire area was situated at rela-
tively high latitudes, not far away from the Anti-Atlas area, on
the western margin of Gondwana. In general, high latitudes and
consequently low temperatures are often considered as the main
explanatory factor for trilobite gigantism (Gutiérrez-Marco et al.
2009; Klug et al. 2015). Given the widespread distribution of large
trilobites in various latitudes and facies, it is unlikely that there is
only one single controlling mechanism of trends toward larger
sizes. Indeed, the trilobite size fluctuations within the Fezouata
Shale in a comparatively restricted area suggest that, despite high
latitudes, other factors must be taken into consideration.

In the Fezouata Shale, differences in size distribution between
localities can be the result of numerous mechanisms and condi-
tions (ontogeny, size sorting due to transport, oxygenation and/
or nutrient availability; Saleh et al. 2018). Transport-induced size
sorting is unlikely to explain the size discrepancies of trilobites in
general and Platypeltoides in particular. When current-related
sorting occurs in marine environments, small individuals are more
easily transported than larger ones, and they are consistently dis-
placed towards more distal settings (Johnson, 1960; Fagerstrom,
1964). The opposite pattern for trilobites is observed in the
Fezouata Shale. Furthermore, all previous surveys made on brach-
iopods, bivalves, echinoderms and trilobites from this part of the
Fezouata Shale have concluded that most fossils were preserved in
situ (with occasional limited transport), because delicate anatomi-
cal structures were preserved (Saleh et al. 2018). Brachiopods of the
Fezouata Shale frequently have their setae preserved (Saleh et al.
2018) and, in many cases, the most fragile skeletal elements of sty-
lophoran echinoderms remained connected to the rest of the body
(Martin et al. 2015; Lefebvre et al. 2016, 2019). As trilobites
had a chitinous, partially biomineralized exoskeleton (Teigler &
Towe, 1975), their remains are frequently preserved in marine
Palaeozoic deposits (Speyer & Brett, 1986). Given that post-
mortem processes are insufficient to explain the size distribution
seen in the Fezouata Shale (this study; Saleh ef al. 2018), the pres-
ence of large trilobites in only the most distal palaecoenvironments
is taken as representative of the original size distribution of organ-
isms. The increase in trilobite size from shallow proximal to deep
distal localities in the Fezouata Shale is consistent with observa-
tions of crustacean body-size fluctuations in modern marine envi-
ronments, in which large animals are found in deep-water settings
(Horikoshi, 1986; Timofeev, 2001).

The increase in size between proximal and distal localities may
be related to ontogeny (e.g. Laibl et al. 2014), with younger (and
therefore smaller) developmental stages favouring shallower envi-
ronments, and older and larger ones preferring deeper settings.
If this was the case all taxa should be found in all localities,
which is not true for the Fezouata Shale. For instance, Ouled
Slimane seems to entirely lack small- and medium-sized taxa
(e.g. Bavarilla, Anacheirurus, Euloma), with the exception of
Platypeltoides magrebiensis (Table 1 and online Supplementary
Table S1). Dikelokephalina and Ogyginus are present in Ouled
Slimane, but are absent in more proximal sites (Table 1 and online
Supplementary Table S1). Ontogeny alone does not explain size
discrepancies observed for Platypeltoides magrebiensis, because
the material measured here consistently excluded juvenile stages
(defined by the number of thoracic segments). Even if future work
shows a correlation between changes in habitats and developmen-
tal stages of some trilobites, this fails to explain why older and big-
ger individuals preferred deeper environments. There must
therefore have been external biotic and abiotic conditions that
selected for larger bodies in a deeper setting and smaller bodies
in more proximal environments.

Oxygen availability is an abiotic parameter that can influence
the body-size distribution of marine taxa (Zeuthen, 1953). It is sug-
gested that large sizes are dictated by oxygen availability rather
than by temperature in modern polar ecosystems (Chapelle &
Peck, 1999). Oxygen concentration correlates with the general
trend in marine gigantism during the Palaeozoic Era (Vermeij,
2016), and a direct connection (i.e. in magnitude) between
Palaeozoic gigantism and atmospheric hyperoxia was also estab-
lished using a mathematical model based on oxygen transport limi-
tation (Payne et al. 2012). In contrast, benthic individuals tend to
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have smaller sizes in oxygen minima zones (i.e. Lilliput effect;
Twitchett, 2007). However, for instance in Tamegroute, the bottom
of the water column was oxic, leading to the development of
diverse assemblages on the sea floor (Saleh et al. 2018).

Another abiotic factor that can limit size growth is nutrient
availability (Booth et al. 2008). Nutrients are generally more abun-
dant in proximal sites near the source (Rowe et al. 1975; Philippart
et al. 2000; Wang et al. 2003). The occurrence of a relatively high
and diverse bioturbation in Ouled Slimane (Fig. 4a-d) suggests
that nutrients were not a limiting parameter. This interpretation
is in accordance with the presence of diverse planktonic micro-
organism assemblages in the deepest settings of the Fezouata
Shale (Nowak et al. 2016).

Storm turbulences generate another abiotic stress in shallow
environments (Barry & Dayton, 1991; McAlister & Stancyk,
2005). Storms transport sediments that can cause the suffocation
of both sessile and mobile invertebrate taxa in proximal sites (Tabb
& Jones, 1962). Storms can also increase the input of fresh water to
the sea, with the resulting change in water column salinity causing
heavy mortalities (Tabb & Jones, 1962; Barry & Dayton, 1991).
Furthermore, although exoskeleton formation in arthropods is
mainly constrained by biotic parameters, the major source of
calcium used for exoskeleton calcification is exogenous, and comes
from the waters where the organisms live (Luquet, 2012). In sea
water, the concentration of calcium is generally very high
(Luquet, 2012), but freshwater input during a storm may alter cal-
cium availability for biomineralization in shallow waters, inhib-
iting marine arthropods from attaining large sizes. However,
during the Ordovician Period, even the shallowest settings from
the Fezouata Shale in Morocco were extremely far from the shore
(more than 1000 km away; Guiraud et al. 2004). It is therefore more
likely that the impact of storms on living organisms was more
related to transport of sediment and obrution events rather than
calcium and salinity fluctuations. This sediment-induced stress
was evidenced in proximal localities of the Fezouata Shale, regu-
larly killing sessile epibenthic taxa and thus inhibiting them from
attaining large sizes (Saleh et al. 2018). This stress decreased from
proximal to distal localities, allowing organisms to attain larger
sizes in deeper environments (Saleh et al. 2018). However, mass
mortality is not generally the trend for arthropods in storm-
dominated modern shallow-marine environments, except in the
cases of supercritical events (Conner et al. 1989). In regions that
are seasonally affected by storms, arthropods are able to migrate
to more stable environments (Conner et al. 1989). Pink shrimp
individuals are known to leave shallow waters to deeper environ-
ments about 96 kilometers offshore during a hurricane (Tabb &
Jones, 1962), and similar shelter-seeking behaviour is observed
during the storms season in spiny lobsters (Hunt et al. 1994). It
is likely that trilobites, similarly to modern vagile arthropods, were
able to adapt against physical instabilities and were little affected by
storm turbulences. Some of them even showed collective behaviour
by migrating during storm seasons, in a similar way to extant spiny
lobsters (Vannier et al. 2019).

The occurrence of large trilobite individuals in deep waters may
also indicate a lack of predators in these settings (Rex, 1976), as
heavy predation is known to limit body size (Horikoshi, 1986).
Cephalopods, major predators in both Ordovician and modern
marine ecosystems (Cherel & Hobson, 2005; Kroger et al
2009a), are absent in Ouled Slimane, although they are relatively
common in more proximal localities of the Fezouata Shale (Kroger
& Lefebvre, 2012). Their absence from the distal setting preserved
at Ouled Slimane is in good accordance with the observation that
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their initial Furongian - Early Ordovician diversification was
restricted to relatively shallow environments (Kroger et al
2009b). The lack of predation pressure from cephalopods in distal
marine environments in general during the Cambrian - Early
Ordovician period may explain the numerous occurrences of large
trilobites in distal settings globally during this time interval
(e.g. Fezouata Shale, ‘Schistes a Géteaux’, see also Section I:
Introduction), and the rarity of large trilobites in younger deposits
more or less coincides with the palaeoecological diversification of
cephalopods into deeper settings during Middle Ordovician time
(Kroger et al. 2009a). The environmental conditions of the distal
Fezouata Shale setting were therefore characterized by a lack of
storms and predators and an abundance of oxygen and nutrients,
all of which are conducive to the local occurrence of large trilobites.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/50016756820000448
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S. DECAY AND MINERALIZATION

This chapter consists of two papers:

e Paper 3: Saleh, F., Pittet, B., Perrillat, J-P., Lefebvre, B., 2019. Orbital control on
exceptional fossil preservation. Geology, 47(2), 103-106.

e Paper 4: Saleh, F., Daley, A.C., Lefebvre, B., Pittet, B., Perrillat, J-P., 2020. Biogenic iron
preserves structures during fossilization: A hypothesis. BioEssays, 42(6), 1-6.

Summary

The exposure to the chemical conditions in the water column and to decay are observed at the
community level in the Fezouata Shale. For instance, in one stratigraphic lens, more than 600
fossils were discovered, but only a limited number of them show soft tissue preservation (about
30 stylophorans, 10 trilobites, and 5 marrellomorphs)>3. Thus, under these conditions, there
must have been some parameters slowing down the decay of labile anatomies and/or facilitating
their mineralization in order for exceptional fossil preservation to occur. In this chapter, we
examine the mineralogical signatures within and surrounding preserved labile anatomies in
fossils from the Fezouata Shale in order to decipher the conditions facilitating the preservation
of decay-prone structures in this formation. Sediment matrices of all analyzed samples from the
Fezouata Shale share a similar composition with a high abundance of illite
{(K,H30)(ALMg,Fe)2(S1,Al)4010[(OH)2,(H20)]} (~60% in volume) and quartz (SiO2) (~30%),
and a small proportion (<10%) of chlorite minerals>*. However, the nature of the chlorite phase
differs between samples, as some specimens show the presence of clinochlore
[(MgsAlD)(AISi3)O10(OH)s] while others show iron-rich clinochlore
[(Mg,Fe)sAl(Si3Al)O10(OH)s] (iron content ~12%) or chamosite [(FesAl)(AlSi3)O10(OH)s]
(iron content ~30%)3*. In this formation, chamosite (originally berthierine) appears to be
correlated with levels recording exceptional preservation®*. The discontinuous record of
berthierine along analyzed sediments in a cyclic pattern suggests that a certain orbital forcing
possibly controlled its formation through iron availability3*. Both berthierine and its primary
precursor> are evidenced to slow down decay under oxic experimental conditions!® through
the damage of bacterial cell'. This might have helped labile anatomies to survive until the
establishment of anoxic conditions at time of burial under storm deposits.

Once anoxic conditions are established, another type of decay occurs. Anoxic decay transforms
organic matter from decaying carcasses with sulfates SO4> from sea water into sulfides HaS.
SO4? is not a limiting parameter for this reaction in marine environments. Thus, H2S output is
mainly controlled by the decay products of biological tissues. When Ho2S is formed, it reacts
with iron to form pyrite3®7. The establishment of anoxic conditions at time of burial is validated
by the founding of framboid and small euhydral crystals in fossils and pyrite in fresh non-
altered sediments of the Fezouata Shale®®. In these sediments C is also present in association to
pyrite possibly pointing that the original mode of preservation in the Fezouata Shale is
comparable to the one in the Burgess Shale and the Chengjiang Biota comprising both organic
material and authigenic minerals'**8. However, there must have been other parameters
controlling pyrite precipitation, because no fossil shows complete pyritization and pyrite
precipitation remains rare and tissue-selective. For instance, the cuticle of many arthropod taxa
is preserved without any pyrite crystals. This can result from H2S limitation considering that
this structure is formed of polysaccharides that are not easily degradable>. However, when
comparing internal labile tissues to each other, the model based on H2S limitation cannot
explain why some tissues are pyritized while others decayed and disappeared (meaning they
reduced SO4*) without pyritizing. Thus, it is essential to look at Fe availability. Maghemite is
found associated to pyrite in some samples analyzed under Raman Spectroscopy’®. Maghemite
results from the burial of an original mineral called ferrihydrite [FeO(OH)]s [FeO(H2PO4)]%.

31



Ferrihydrite is a mineral with a wide biological distribution that can explain why maghemite is
only found in association with pyritized organic matter and not in the sediment® 9. In
experimental studies, it was shown that under anoxic conditions and when sulfates are present,
ferrihydrites release high quantities (~ 87%) of reactive Fe%. This iron delivery is 40% higher
than the yield from the same quantity of hematite from sediments®*. Furthermore, ferrihydrite
is the fastest to deliver reactive iron when compared to other iron oxides that are found in
sediments, with a half-life of only 2.8 hours under anoxic conditions and in the presence of
SO4%%, Ferrihydrite is also a solid phase meaning that it does not migrate®. Thus, large
quantities of iron become available in-situ within a couple of hours of the start of anoxic
decay”8. For this reason, in order to understand the patterns of exceptional fossil preservation
in the Fezouata Shale but also in sites such as the Chengjiang Biota and the Beecher’s Trilobite
bed in which pyrite played a role in preserving decay-prone anatomies, three parameters should
be taken into account: Fe in sediments, Fe in labile tissues, and H2S production. Accounting for

both pre-burial and anoxic decay, different scenarios emerge and are summarized in figure 4.

e In the first scenario, pre-burial decay is not controlled by any mineralogical phase and burial
allowing the establishment of anoxic conditions for pyritization does not occur rapidly
enough leaving only the body walls such as the carapace of trilobite preserved (Fig. 4A).

e In the second scenario, burial occurs establishing anoxic conditions for pyritization. Fe in
burial material is highly reactive leading to the complete pyritization of the organism if the
animal is buried alive (Fig. 4B). If the animal decayed on the seafloor but the activity of
this degradation was controlled by clay/chlorite minerals, the reactivity of Fe from
sediments ensures the pyritization of all tissues that survived pre-burial decay (Fig. 4C).
Even carapaces of numerous arthropod taxa that provide small quantities of H2S, are found
pyritized in sites such as the Beecher’s trilobite Bed3%67-68,

e In the third scenario, pre-burial decay is controlled by clay/chlorite minerals. However, after
burial, a tardiness in iron availability in the sediment allows the disappearance of tissues
due to anaerobic decay. The least labile internal tissues will potentially survive anoxic decay
and get pyritized once iron from sediments becomes available (Fig. 4D). This scenario
explains the selective preservation of guts while more labile tissues (e.g. nervous systems)
are absent®.

e In the fourth scenario, pre-burial decay does not occur at all as if animals were buried alive.
However, Fe in this scenario is not reactive (even if it is abundant). Thus, only tissues that
are rich originally in iron will get preserved and pyritized even if they are the most labile
ones (Fig. 4E). This scenario can explain the preservation of extremely decay-prone
structures such as nervous tissues as pyrite replicates in fossils from the Chengjiang Biota®~
12

Considering the decay stages of animals from the Fezouata Shale, the lower availability of iron

in sediments from the Fezouata Shale in comparison to sites such as Beecher’s Trilobite Bed,

and the absence of preserved nervous systems comparable to the Chengjiang Biota, it is most
probable that the taphonomic scenario of most exceptionally preserved fossils found in the

Fezouata Shale followed the 3™ scenario (Fig. 4D). However, this scenario is not exclusive, and

other scenarios may have accounted for the discovery of only biomineralized parts in some

levels from this formation (Fig. 4A).
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ABSTRACT

Exceptional fossil preservation is defined by the preservation of
soft to lightly sclerotized organic tissues. The two most abundant
types of soft-tissue preservation are carbonaceous compressions and
replicates in authigenic minerals. In the geological record, exception-
ally preserved soft fossils are rare and generally limited to only a few
stratigraphic intervals. In the Fezouata Shale (Lower Ordovician,
southern Morocco), we found that deposits yielding pyritized soft
tissues contain iron-rich silicate minerals. These minerals played
a crucial role in inhibiting the decay of dead individuals and are
comparable to those found in formations yielding carbonaceous soft
parts around the world. Furthermore, we found that iron-rich min-
erals show a cyclic pattern of occurrence (of ~100 k.y. periodicity)
implicating a short-period eccentricity control on iron availability
through the general oceanic and atmospheric circulations. Our results
identify, for the first time, an external climate forcing on exceptional
preservation and show that orbital forcing may be a level-selective
parameter responsible for the discontinuous occurrence of horizons
preserving soft parts around the world.

INTRODUCTION

Exceptional fossil preservation consists of the preservation of soft
to lightly sclerotized organic tissues (e.g., feathers, guts, skins) in the
geological record (Butterfield, 1995). The transfer of such tissues from
the biosphere to the lithosphere is the result of a succession of multiple,
complex biological and geological mechanisms. Deciphering these mecha-
nisms is essential to understanding why exceptional preservation is limited
to specific intervals in the sedimentary record. Recent studies have shown
that the absence or presence of carbonaceous soft tissues is strongly cor-
related with the mineralogy of the depositional environment and most
importantly with iron-rich minerals that can inhibit bacterial decay of soft
tissues through the oxidative damage of bacterial cells (McMahon et al.,
2016; Anderson et al., 2018). However, little attention has been paid so far
to discovering within which sediment minerals the pyritized soft tissues
occur and what the processes behind the deposition of these minerals are.

The Fezouata Shale crops out in the Zagora region in southern
Morocco. This Lower Ordovician succession consists of blue-green to
yellow-green sandy mudstones and siltstones that coarsen upward. These
sediments are as much as 900 m thick in the Zagora region (Destombes
et al., 1985; Martin et al., 2016; Vaucher et al., 2017). The entire suc-
cession was deposited in a marginal basin at high latitude close to the
paleo—South Pole (Torsvik and Cocks, 2011, 2013). The shallow depo-
sitional setting ranges from the foreshore to the upper offshore. It was
storm-wave dominated (Martin et al., 2016) and indirectly influenced by
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tides (Vaucher et al., 2017). The Fezouata Shale has yielded abundant
remains of soft-bodied organisms preserved with high fidelity, showing
the association of post-Cambrian taxa typical of the Great Ordovician
Biodiversification Event along with iconic taxa of the Cambrian Explosion
(Van Roy et al., 2010, 2015). Most soft-bodied organisms were pyritized
and are now preserved in iron oxides. However, this pyrite weathering is
not substantial as numerous fossils still show original framboidal pyrite
crystals. The presence of levels yielding both mineralized and soft-bodied
organisms, as well as the highly constrained stratigraphic framework of
this formation (Gutiérrez-Marco and Martin, 2016; Lehnert et al., 2016;
Martin et al., 2016; Nowak et al., 2016; Lefebvre et al., 2018), make the
Fezouata Shale a good candidate for investigating whether specific sedi-
ment minerals are correlated with pyritized soft parts, and whether these
mineralogical signatures change through time.

MATERIAL AND METHODS

Mineralogical Signatures

Part of the sedimentary succession of the Fezouata Shale (Vaucher
et al. 2016) was included in this study. The mineralogy of all fossilifer-
ous levels in this section was investigated. Mineral assemblages of lev-
els yielding exceptional preservation were compared to those in levels
bearing only sclerotized remains. Matrix samples from each level were
prepared as randomly oriented powdered aggregates (<10 um), without
any specific treatments, on thermoplastic polymer [poly(methyl meth-
acrylate), PMMA] substrates. X-ray diffraction (XRD) was performed
using a Bruker D8 Advance diffractometer, employing a CuKa source
and Bruker LynxeyeX detector. Peak positions were adjusted, using the
positions of quartz peaks as internal standards, to avoid the preparation
height displacement error. Mineral phases were then retrieved based on
indexation of their diffraction lines, between 0° and 75° 20 values, from
the International Centre for Diffraction Data PDF-4+ 2016 reference
database (http://www.icdd.com/index.php/pdf-4/). Illite is generally char-
acterized by its basal (001) peak at ~10 A. Quartz is characterized by its
intense (011) reflection at 3.34 A. The differentiation between chlorite
minerals is verified based on the lateral variations of their characteristic
(001) and (002) peaks, respectively at 14 and 7 A, as iron enrichment
causes an increase in d-spacing that shifts peaks positions toward higher
20 values (Fig. 1). Phase proportions were estimated from the relative
intensity of diffraction lines of each mineral species.

Sequence Reconstructions

The depositional environment of the Fezouata Shale is storm- and/or wave-
dominated and indirectly influenced by tides (Martin et al. 2016; Vaucher et
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Figure 1. Mineral identification in samples from Fezouata Shale (south-
ern Morocco) from X-ray powder diffraction. Box with red margins is
expansion of area indicated in main plot.

al., 2016, 2017). In the Fezouata Shale, the interaction of oscillations with
surface sediments generated oscillatory structures. The wavelength of these
structures decreased from shallow to deep environments (Nichols, 2009;
Vaucher et al. 2016). Additionally, coarser sediments indicate a shallower
environment, while finer sediments are deposited in deeper settings (Vaucher
et al., 2016, 2017). These sediments and structural heterogeneities permit-
ted the establishment of a model of facies for the Fezouata Shale (Vaucher
et al., 2017). Based on this model, the alternation of deeper and shallower
facies F1, F2, and F4 of Vaucher et al. (2017) allowed us to identify small-,
medium-, and large-scale sequences. Small-scale sequences correspond to
the shortest-term variations of the sea level (Fig. 2), whereas medium- and
large-scale sequences correspond to longer-term sea-level changes.

Bathymetry and Oxygenation

The depth of the water column was estimated using medium-scale
sea-level sequences (Lefebvre et al., 2016; Vaucher et al., 2017). Relative
oxygen abundances in superficial sediments were reconstructed based on
depth variations of the water column. In deep environments of the Fez-
ouata Shale, i.e., shelf settings below storm wave base, rapid burial did
not occur, inhibiting the establishment of anoxic conditions in surface
sediments (Vaucher et al., 2017). Above storm wave base, where rapid
burial during storm events occurred, the establishment of anoxic condi-
tions in surface sediments below the storm deposits was influenced by
wave-sediment interactions. Wave-sediment interactions are more pro-
nounced in shallowmost settings (Nichols, 2009), leading to an increase
in the oxygen penetration depth from the water column to the sediments
(Chatelain and Guizien, 2010). Thus, anoxic and/or dysoxic conditions
occur rarely in the shallowest environments (decimetric wavelength of
storm oscillatory structures, high oxygen penetration depth) and may
occur only in less-shallow deposits (centimetric wavelength of storm
structures, limited oxygen penetration depth) just above the storm wave
base (Fig. 2) in the Fezouata Shale (Vaucher et al., 2016, 2017).

RESULTS

All samples show a similar composition with an absence of organic
matter, a high abundance of illite {(K,H,0)(Al,Mg,Fe),(Si,Al),0,,[(OH),,
(H,0)]} (~60%) and quartz (SiO,) (~30%), and a small proportion (<10%)
of chlorite minerals (see Table DR1 in the GSA Data Repository' for
precise percentages). However, the nature of the chlorite phase differs
between samples, as some specimens show the presence of clinochlore
[(Mg,AD(AISi,)O,,(OH),] while others show iron-rich clinochlore
[(Mg,Fe),Al(Si,A)O, (OH),] (iron content ~12%) or chamosite [(Fe,Al)
(AlSi,)O, (OH),] (iron content ~30%) (Fig. 2). In the Fezouata Shale, the
occurrence of soft tissues is discontinuous and is limited only to a few
stratigraphic levels in intervals 1 and 3 (Fig. 2).

The entire sedimentary succession was deposited near the storm wave
base. Both intervals 1 and 3 (Fig. 2) were deposited under anoxic and/or

Large, medium and small scale sequences + Depth -
o Rapid burial
< f- ARSI T
k=) @ Anoxic | oxic
Q= Z-F2(1 S |dysoxic
T = 2 F2 )] £ y
~ c
< 60 8
@ S Z-F2(3)-8 &
5 5 . z
: < 3
= ; Z-Fg(S)—S 5
(o
Z-F6a °
O 2
Z-F2(0
o( )
Z-F13a
O
35
N
2| 30
[]
5
e
25 Z-F7(1)
>
4
o
e ©
- (2]
! 3
§ -
a 5 s
o c e =
g 2 Z-F4b S
o =1 n

® Chamosite O Clinochlore O Iron-clinochlore w7 Soft tissues
----- Coarse siltstones ----- Fine siltstones - - Compacted beds

Figure 2. From left to right: Fezouata Shale (southern Morocco)
sequences of various scales translating sea-level cycles at different
time scales (white triangles represent transgression; black triangles
represent regression); part of the sedimentary succession of Fezouata
Shale with location of samples; facies F1, F2, and F4 as described in
Vaucher et al. (2017) used to identify sequences; relative bathymetry
changes; and oxygen fluctuations.

dysoxic conditions. Most of interval 2 was deposited under oxic condi-
tions (Fig. 2).

The studied section contains about two medium-scale and nine
small-scale sequences. The occurrence of four small-scale sequences per
medium-scale sequence deduced from facies changes (Fig. 2) in the entire
sedimentary succession suggests an eccentricity control on sequence for-
mation through its 100 and 400 k.y. periodicities. The studied sediments
were deposited during the Tremadocian (duration of 7.7 + 3.3 m.y.). In
the Tremadocian, 10 main graptolite subdivisions (biozones) of ~0.7 m.y.
have been identified (Loydell, 2012). In the Fezouata Shale, the first three
biozones of the Tremadocian are missing (Gutiérrez-Marco and Martin,

!GSA Data Repository item 2019044, sample identifications and mineralogical composition, is available online at http://www.geosociety.org/datarepository/2019/,
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2016; Lefebvre et al., 2018). This suggests that the Tremadocian sedi-
ments (450 m) of the Fezouata Shale were deposited over 5.7 + 2.4 m.y.
In addition, the sedimentation of the Fezouata Shale appears to be uniform
(i.e., monotonous sequence dominated by siltstones) and formed by the
stacking of storm deposits (millimeter- to centimeter-thick sandstone or
coarse siltstone levels separated by millimeter-thick argillaceous siltstone
or fine-grained siltstone layers) (Vaucher et al., 2016, 2017). This homo-
geneity of the sediments and the absence of observed long- or short-term
sedimentary hiatuses (Vaucher et al., 2017) both suggest a relatively stable
accumulation rate of ~79 m/m.y. Thus, the studied 67-m-thick section
was deposited over ~0.84 + 0.35 m.y. One medium-scale sequence would
then represent a time interval of ~0.42 + 0.17 m.y., and one small-scale
sequence, 0.09 + 0.03 m.y. These estimated durations are in accordance
with the durations of eccentricity cycles.

DISCUSSION

The sediment in the Fezouata Shale has a relatively simple composi-
tion comparable to that at other Paleozoic sites with exceptional pres-
ervation (Anderson et al., 2018). In this formation, chamosite appears
to be correlated with levels recording exceptional preservation (Fig. 2).
Chamosite can be formed directly from the transformation of primary
clay minerals (kaolinite, glauconite) at high temperatures (7 >175 °C)
or from the transformation of berthierine, an iron-rich serpentine phyl-
losilicate, in less-extreme conditions (7 <100 °C; Tang et al., 2017). In
the Fezouata Shale, sediments did not endure extreme temperatures and
burial conditions, and only 2-3 km (i.e., equivalent of burial tempera-
tures between 70 and 100 °C using a mean geothermal gradient of 30°/
km in passive margins) of sediments were deposited over these shales
(Ruiz et al., 2008). Thus, berthierine is the most probable precursor for
chamosite in the Fezouata Shale. In addition, chamosite occurrences
appear to be correlated with an intermediate bathymetry, as it occurs only
in intervals 1 and 3 (Fig. 2). In the Fezouata Shale, specific parameters
(e.g., bathymetry, oxygenation) controlled the precipitation of berthierine
in the depositional environment and were thus indirectly responsible for
the selective presence of chamosite.

In a depositional environment, the presence of a significant amount
of iron under reducing conditions leads to the precipitation of berthierine
(Tang et al., 2017), a mineral that can inhibit decay bacteria (McMahon
et al., 2016). Afterward, during a deeper burial, most of the berthierine
is transformed to chamosite (Hornibrook and Longstaffe, 1996). In some
levels of intervals 1 and 3, reducing conditions and abundant iron were
available, leading to berthierine precipitation in sediments in addition to
the pyritization of decaying soft parts. In interval 1, some levels, depos-
ited under similar bathymetry (i.e., fast burial and sedimentary anoxia),
yield mostly clinochlore instead of chamosite. Clinochlore and chamosite
belong to the same chlorite mineral group, and lie on its magnesium-rich
and iron-rich poles respectively (Curtis et al., 1985). The occurrence of
both chamosite and clinochlore in intervals with different porosities sug-
gests that the formation of these minerals is independent from the physi-
cal parameters in the sediments. Instead, the presence of clinochlore is
likely related to iron deficiencies in these levels during early diagenesis.

In interval 2, chamosite is absent and has been mainly replaced by
iron-rich clinochlore, indicating the presence of iron. The absence of
chamosite and of exceptional preservation in this interval are due to the
absence of favorable reducing conditions (Fig. 2).

Iron, an important element for the formation of both berthierine and
pyrite, may have different sources such as (1) circulation of iron-rich
hydrothermal fluids (Tang et al., 2017), (2) microbial extraction of iron
from clay minerals after their deposition in marine sediments (Vorhies
and Gaines, 2009), or (3) iron inputs to the sea from other marine or
continental sources (Odin and Matter, 1981). In the Fezouata Shale, illite,
which is the main clay mineral in the sedimentary basin (Ruiz et al.,
2008), is present in all intervals. However, chamosite does not occur in
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all levels, showing a different distribution than illite. This implies that
the scenario considering microbial iron extraction from clay minerals is
unlikely. In addition, the occurrence of chamosite at the end of a regres-
sion and beginning of a transgression of a small-scale sequence (Fig. 2)
rules out hydrothermal fluids as the main source of iron and favors marine
and/or continental inputs. The Fezouata Shale was deposited in a shallow
sea near the South Pole with a limited oceanic circulation (Martin et al.,
2016, Vaucher et al., 2017). Thus, the enrichment of iron is considered
as continental in origin.

According to duration estimations based on graptolite biostratigraphy,
any two consecutive iron-rich intervals in interval 1 were deposited with
an average delay of ~100 k.y., in pace with eccentricity-controlled sea-
level cycles (Fig. 2). Astronomic calculations have confirmed that even
if the periodicity of the obliquity and precession decreased with time,
eccentricity frequency has been stable over the past 500 m.y. (Berger et al.,
1992). These calculations have been validated through robust responses
of different sedimentary systems to astronomically controlled climate
forcing from recent times to the Cambrian (Osleger and Read, 1991).
Every 100 k.y., eccentricity gradually switches from a circular to an ellip-
tic orbit, or vice versa, influencing precession, and thus, insolation and
seasonal variations (Fig. 3). Consequently, these variations influence the
evaporation-precipitation cycle, ice volume (Rampino, 1979), if any, as
well as river fluxes and continental weathering (Horton et al., 2012), and
thus the inputs of iron to the sea (Fig. 3). These inputs constitute a major

Transgression

A

Total soft-tissue decay
Anoxic top sediments

Regression

Weak seasonality

Figure 3. Model explaining effect of orbital forcing on seasonality, and
thus on soft tissue preservation (white triangles represent transgres-
sion; black triangles represent regression).
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contributor to iron abundances in oceans (Elrod et al., 2004) and lead
to berthierine formation in shallow environments at the water-sediment
interface (Odin and Gupta, 1988; Koztowska and Maliszewska, 2015)
when anoxic conditions are present (Tang et al., 2017).

For the first time, our results (1) provide detailed information on the
mineralogical context in which pyritized soft tissues occur, (2) identify
a temporal variation in minerals in a sedimentary succession with soft-
tissue preservation, and (3) evidence an orbital control on soft-tissue
fossilization. This external climate forcing may be responsible for the
discontinuous occurrence of soft tissues in numerous formations around
the world, in which iron discrepancies between levels yielding excep-
tional preservation and those with only skeletal remains are evidenced
(Anderson et al., 2018).
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Biogenic Iron Preserves Structures during Fossilization:

A Hypothesis

Iron from Decaying Tissues May Stabilize Their Morphology in the Fossil Record

Farid Saleh,* Allison C. Daley, Bertrand Lefebvre, Bernard Pittet,

and Jean Philippe Perrillat

It is hypothesized that iron from biological tissues, liberated during decay,
may have played a role in inhibiting loss of anatomical information during
fossilization of extinct organisms. Most tissues in the animal kingdom
contain iron in different forms. A widely distributed iron-bearing molecule is
ferritin, a globular protein that contains iron crystallites in the form of
ferrihydrite minerals. Iron concentrations in ferritin are high and ferrihydrites
are extremely reactive. When ancient animals are decaying on the sea floor
under anoxic environmental conditions, ferrihydrites may initialize the
selective replication of some tissues in pyrite FeS,. This model explains why
some labile tissues are preserved, while other more resistant structures decay
and are absent in many fossils. A major implication of this hypothesis is that
structures described as brains in Cambrian arthropods are not fossilization
artifacts, but are instead a source of information on anatomical evolution at

the dawn of complex animal life.

1. Introduction

Inspecting the fossil record is crucial to understanding the
biology of past life on Earth. Exceptionally preserved bio-
tas, preserving soft-bodied metazoans (e.g., non-biomineralized
arthropods; early chordates), and their labile anatomies (e.g., di-
gestive tracts, muscles, and nervous systems) constitute a unique
window on ancient ecosystems.['] For instance, the Burgess
Shale deposit in Canada has yielded a considerable number of
spectacular soft bodied fossils of Cambrian age (508 million
years old) whose bizarre anatomy, preserved in high fidelity, has
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been crucial for revealing the earliest
evolution of animals.*1% Similarly, ex-
ceptionally preserved soft parts in fossils
from the slightly younger Fezouata Shale
(Ordovician, Morocco) were decisive in
ending long-standing debates on the sys-
tematic affinities of various enigmatic taxa
(e.g., machaeridians, stylophorans).[''-13]
The Chengjiang Biota (Cambrian, China)
has also yielded a considerable number
of soft arthropod taxa with complex ner-
vous systems.!'*1%] In most cases, nervous
tissues from the Chengjiang Biota are pyri-
tized (i.e., preserved in FeS,) or show an as-
sociation of pyrite and organic matter.[**7]
Pyritized tissues are frequently preserved
alone in the fossils, while other tissues or
organs (except the cuticle or body walls)
are completely absent.['”] Experimental
taphonomic studies investigating how biological tissues decay
under controlled laboratory conditions questioned the validity
of these paleontological discoveries by showing that nervous
systems have little to no chance of preservation because they
are observed to be rapidly lost to decay.'®2% These experimen-
tal results have consequently given rise to contrasting concep-
tual frameworks in the paleontology and evolutionary biology
communities.[?!-23] Although vital to constraining preservation
pathways, 2] experimental decay data should be interpreted care-
fully and not projected directly onto enigmatic features in the
geological record because fossils are not degraded carcasses
and decay resistance is an imperfect indicator of fossilization
potential.l?*] Currently, there is no model accounting for the
preservation of a specific labile tissue in a specimen where other
more resistant tissues are completely absent. We investigate
preservation patterns in such problematic structures and com-
pare them to new data on patterns of pyritization observed in
non-altered sediments, leading us to propose an explanation for
the contrast observed between the fossil record and modern de-
cay experiments.

2. Enigmatic Structures Are Preserved in Pyrite and
Organic Matter

Anatomical structures described as brains in fossils from the
Chengjiang Biota were investigated using X-ray fluorescence

© 2020 WILEY Periodicals, Inc.
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mapping, which revealed the presence of carbon and iron!'”!
(Figure la—d). Electron microscopy shows that iron occurs ei-
ther as small euhedral crystals (around 2 microns in size) or as
framboids (around 10 microns in size)!'’”! (Figure le-h). Pyrite
crystal morphology indicates that pyritization occurred very early
during the fossilization process, shortly after the death of the
organism.[??° Carbon in these fossils is preserved as com-
pressed dark films!'’! (Figure 1i,j). Chengjiang fossils broken
through the middle show pyrite overlaying carbonaceous films
on both parts,['’] indicating a centrifugal pattern of pyritization
(Figure 1k). Centrifugal pyritization, similar to patterns of tissue
preservation in the Chengjiang Biota, is also present in fresh core
sediments (Figure 2a) from levels with exceptional preservation
within the Fezouata Shale, where Raman spectroscopy identified
large pyrite clusters surrounded by organic matter (Figure 2b—
d).

FeS, precipitation in sediments requires decaying organic
material, iron that is usually provided by surrounding sedi-
ments, and sulfates SO,~ from sea waters.[??8] Under sulfate-
reducing conditions, bacteria transform organic matter and sul-
fates into HS™ and then to hydrogen sulfides H,S, which re-
act with Fe in a series of reactions to form pyrite.?28] If the
sediment surrounding dead animals is poor in organic mat-
ter, as was the case in the Fezouata Shale,?’! sulfate reduc-
tion is limited to decaying carcasses.[?”) Within a decaying car-
cass, anatomical features can react differently to decay.*’! Eas-
ily degradable structures (e.g., tissues and organs formed of
cells)B! constitute a hotspot for H,S production, whereas more
resistant structures (e.g., biomineralized parts), do not produce
enough H,S, and thus do not pyritize.3!l Furthermore, decay
discrepancies exist even between different fast decaying cel-
lular structures. Some cellular structures are solely degraded
by external bacterial communities, while others degrade un-
der the activity of their internal microbial biota and enzymes
as well.3%32] If decay by external bacteria is dominant and
iron is available, pyritization starts at the outer part of the or-
ganic material where both H,S and Fe are present, leading
to a centripetal pattern of preservation (Figure 3a). This pat-
tern is observed in the fossil record?’! and does not refute oc-
currences of centrifugal pyritization, because some tissues de-
cay under the activity of their internal bacteria and enzymes.
If such internal decay is dominant and iron is present, more
H,S is produced internally, leading to the centrifugal pattern
of preservation (Figure 3b). It is likely that preserved struc-
tures in the Chengjiang Biota and the Fezouata Shale decayed
under the activity of their internal microbial biotas and en-
zymes in the presence of iron. This model based on H,S
limitation and production patterns!?>?73! explains the pyriti-
zation of numerous internal tissues in Cambrian Arthropods
within non-pyritized cuticular body walls that did not produce
enough H,S for their pyritization.[?3!] However, it fails to ex-
plain the selective pyritization of a specific internal cellular
structure (i.e., nervous system) while other structures (e.g., di-
gestive and vascular systems) decayed away, producing H,S,
but did not pyritize. Thus, it is crucial to investigate pat-
terns of iron distribution in the sediment surrounding decaying
carcasses.
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Carbon

Counter part
Part

Centrifugal pattern

Figure 1. Preservation of Cambrian brains in Fuxanhuia protensa from the
Chengjiang Biota. a) YKLP 15 006 shows dark brown areas interpreted as
nervous tissues under direct illumination. b) Carbon distribution in the
studied specimen. c) Iron distribution. d) Merged iron and carbon sig-
nals show an almost perfect superposition between these two elements.
White arrows indicate the rare places were both elements do not co-occur.
e—h) Iron is preserved as small euhedral and framboidal pyrite. i,j) Min-
erals overlay dark compressed carbonaceous material. k) The distribution
of carbonaceous films under pyrite minerals in both part and counter-part
suggest a centrifugal pattern of pyritization. Parts (a) to (j) were adapted
with permission.['”] Copyright 2015, Elsevier.
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Figure 2. Pyritization in the Fezouata Shale. a—d) Pyrite crystals in fresh core deposits showing a centrifugal pattern of pyritization as reconstructed on
the top right of (b) and (c). Colored points in (b) and (c) correspond to the spectra shown in (d). Iron oxide phase identification is based on Raman peak
indexation in natural samples.[62:63]
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Figure 3. Patterns of soft tissue decay. a) Soft parts decaying under the activity of external bacteria lead to a centripetal pyritization. b) Soft parts
decaying under their own bacterial community and enzymes contribute in a centrifugal pyritization. The brown part indicates organic matter, while black
symbolizes pyrite precipitation.
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Table 1. Half-lives of iron phases under permissive conditions for pyrite
precipitation. This table is adapted with permission.[38] Copyright 1992,
American Journal of Science.

Iron phase Half-life
Goethite 11.5 days
Hematite 31 days
Magnetite 105 years
Reactive silicates 230 years

Sheet silicates 84 000 years

Augite, amphibole >84 000 years

3. Abiotic Iron Is Not Fast Enough to Preserve
Labile Tissues

The most widely accepted suggestions of sources of iron for
pyritization are abiotic.[?®3%] In the Fezouata Shale, iron oxides
found in sediments (e.g., hematite a-Fe,0;; Figure 2b—d) con-
stitute only a small fraction of the rock (i.e., <1%).2¢] However,
here and in numerous Cambrian sites with exceptional fossil
preservation, iron-rich silicates such as berthierine/chamosite
are dominant (i.e., between 5% and 15% of the total rock
composition).2634] Berthierine/chamosite results from the trans-
formation of a primary clay mineral (e.g., glauconite, odinite,
kaolinite, or other similar precursor minerals)*! under anoxic
conditions and high iron concentrations.!?! Thus, iron in this
mineralogical phase gives an estimate of the quantity of iron in
the environment.[?6343] The formation of berthierine/chamosite
in the Fezouata Shale required at least ~8.10~> m (M for molar
concentration) of iron (see Supporting Information). This high
concentration is slightly less than that of modern anoxic sed-
iments at 10*m and is still enough to pyritize at the site of
decay.””] Thus, in theory and in terms of concentration, abiotic
iron is not a limiting parameter in levels with exceptional preser-
vation in the Fezouata Shalel?®] or at other sites with exceptional
fossil preservation from the Cambrian.***¢! Other parameters
must have limited the availability of this iron during soft tissues
degradation and inhibited pyrite from replicating all internal sys-
tems. Laboratory experiments have shown that most soft anatom-
ical structures in animals decay very quickly, within hours or days
after death.®20%7] For instance, nervous tissues decayed in 11
days for chordates and in 4 days for ecdysozoans.['#2%] In contrast,
most iron-rich mineral phases require longer times to deliver
their iron when in contact with H,S, with a minimum of 11.5
days ranging up to hundreds or thousands of years (Table 1).%!
This exceeds the timing of biological tissue decay, especially for
labile tissues and organs such as the brain.['#203237] Thuys, an-
other source of available iron must exist in order to selectively
pyritize a tissue/organ shortly after the death of the organism.

4. Biogenic Iron Is Available During Decay

Since abiotic iron is not made available fast enough to start the
pyritization process, a biogenic iron source must be investigated.
We analyzed thin sections from the Fezouata Shale and found
maghemite (i.e., y-Fe, O, structurally similar to magnetite) in as-
sociation with pyrite (Figure 2b—d). Two widely recognized mech-
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anisms for maghemite formation exist.}>*%! In the first mecha-
nism, lepidocrocite, a fibrous iron oxide-hydroxide, transforms
partially to maghemite at temperatures around 200 °C and com-
pletely at temperatures higher than 570 °C.*! In the second
method, maghemite results from buried ferrihydrites at temper-
atures between 100 and 300 °C.[**! Sediments from the Fezouata
Shale were cooked at temperatures between 100 and 200 °C.[2641]
These temperatures, and the absence of lepidocrocite in the an-
alyzed samples and in tens of other sampled intervals in the Fe-
zouata Shale,[?] indicate that maghemite in these samples origi-
nates most probably from ferrihydrites. Ferrihydrite is a mineral
present in a wide variety of biological tissues, which can explain
why maghemite is only found in association with pyritized or-
ganic matter and not elsewhere in the sediment.

In all animals, ferritin is a metalloprotein that stores an ex-
cess of iron in the form of a hydrous ferric oxide-phosphate min-
eral [FeO(OH)]; [FeO(H,PO,)] similar in structure to the mineral
ferrihydrite.l*>*3] Ferritin-ferrihydrites are found in nervous sys-
tems, muscles and sensory organs such as the eyes.[*~*] Ferritin
is capable of storing as many as 4500 iron atoms in its core (i.e.,
concentration equivalent to 0.25m).1*] Increased accumulations
of ferritin-ferrihydrites were evidenced in marine invertebrates
after their exposure to dysoxic/anoxic conditions!*’] comparable
to the environments in which animals from the Chengjiang Biota
and the Fezouata Shale were preserved.[***# In experimental
studies, it was shown that under bacterial sulfate reducing (BSR)
conditions and when sulfates are present, ferrihydrites release
high quantities (~87%) of reactive Fel*®! (i.e., 0.22m). This iron
delivery is 40% higher than the yield from the same quantity of
hematite.l’%! Furthermore, ferrihydrite is the fastest to deliver re-
active iron with a half-life under BSR conditions of only 2.8 h.[*®]
The solid phase of ferrihydrite means that it does not migrate,>!!
thus 0.11M of iron becomes available in situ within a couple of
hours of the start of decay. These concentrations are well above
those in modern anoxic sediments,?’] and are more than suffi-
cient to initiate pyritization at the site of decay.

5. Biogenic Iron Explains the Selective Pyritization
of Soft Anatomies

Ferrihydrite in biological tissues constitutes a local source that
rapidly provides high quantities of reactive Fel*®) that can ini-
tialize the process of pyritization. Shortly after the death of an
organism, decay of the most labile tissue starts producing H,S
and, if this tissue contains ferrihydrites, a considerable amount of
reactive iron (Figure 4). The produced H,S and Fe react to form
pyrite nuclei (Figure 4) that further grow with increasing H,S
and Fe availability as decay proceeds (Figure 4). The extensive
activity of decay leads also to the degradation of more resistant
but iron-poor tissues (Figure 4), which produce only H, S without
iron (Figure 4). The replication of such tissue in pyrite is therefore
not initiated, leading to a loss of the original morphology or even
the complete disappearance of the tissue/organ (Figure 4). When
abiotic iron becomes available, it can play a role in pyrite growth
in tissues that previously provided biogenic iron (Figure 4). This
hypothesis shows how biogenic iron stabilizes the morphology of
decay-prone anatomical structures, before the less reactive abiotic
iron phases become available.

© 2020 WILEY Periodicals, Inc.
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Figure 4. Hypothesis for labile tissue preservation owing to a biogenic iron source, co-occurring with resistant tissue loss.

6. Hypothesis Testing Requires a Multidisciplinary
Approach

Although fossil mineralization is common in the geological
record,>7 little work has been done to investigate the role
of tissue chemistry during the mineralization process. Recently,
it was suggested that the recurrent association of particular
mineralogical phases such as fluorapatite, or Fe-sulfides (pyrite,
pyrrhotite) with specific tissues in crustacean fossils preserved
within carbonate-rich concretions from the Jurassic exceptionally
preserved biota of La Voulte-sur-Rhéne (Ardéche, France) were
linked to differences in the original biochemical signal of the
organic matter.l*®) However, much work remains to be done to
determine the fate and behavior of biogenic iron during tapho-
nomic processes, and fully enlighten the black box of pyritiza-
tion. In order to test the hypothesis presented here and deter-
mine the precise roles played by biogenic iron and iron from
sediments, several lines of investigation should be undertaken
combining geochemical, biological, and experimental taphon-
omy approaches. It would be ideal to start testing the hypothe-
sis on non-weathered complete fossils. However, to our knowl-
edge, no pyritized fossils from completely fresh sediments have
yet been discovered. Instead, investigations on any fresh pyrite
might also be helpful because pyrite formation requires organic
matter and so results obtained from these pyrites may reflect orig-
inal biochemical compositions. Iron isotopic investigations on
pyrite crystals from both sediments and fossils would help to de-
cipher the multiple iron-sources and their role in pyritization. If
made at the nanoscale, these isotopic investigations could inform
on the source and chronology of iron delivery, from the initiation
of pyrite precipitation to the subsequent pyrite crystals growth.
Biological approaches to testing this biogenic iron hypothesis in-
volve making a comparison between iron concentrations in dif-
ferent modern animal groups. An even more detailed approach
would be to quantify iron in different types of tissues within the
same group. For instance, according to this hypothesis, if a spe-
cific group shows a higher concentration of iron in a specific tis-
sue, we would expect to find this particular structure pyritized
more often than the others in the geological record. All these
quantitative data will help calibrate the new proposed model and
understand its feasibility in natural environments. Most impor-
tantly, future decay experiments should focus not only on the gen-
eral environmental conditions that lead to exceptional preserva-
tion, but also on the chemical signature surrounding each tissue
during its degradation independently from the physical ability
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of this tissue to resist decay. These decay experiments should be
done in the presence of different sediment compositions and un-
der different bacterial communities to see if the decay processes
and rates vary under different environmental conditions. Once
iron sources, iron quantities in biological tissues, decay behavior,
and favorable sedimentological phases are discovered, attempts
could be made to replicate pyrite precipitation from biological tis-
sues in laboratory experiments.

7. Conclusions and Outlook

The present biogenic iron hypothesis helps us understand the
sole presence of the most-labile tissues in some specimens where
other more decay-resistant soft parts are absent. It also shows
that pyritization starts very early during decay, preserving in high
fidelity tissues that are originally iron-rich, resolving the mor-
phological accuracy of Cambrian arthropod brains. Furthermore,
it indicates that both decay experiments and paleontological de-
scriptions are complementary, not incompatible. It opens new av-
enues of research by highlighting the importance of tissue chem-
istry during the fossilization process especially in the case of ner-
vous tissues that are preserved in carbonaceous compressions
without any pyrite.>*-61]
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6. FOSSIL MATURATION AND WEATHERING

This chapter consists of one paper:

e Paper 5: Saleh, F., Pittet, B., Sansjofre, P., Guériau, P., Lalonde, S., Perrillat, J-P., Vidal,
M., Lucas, V., El Hariri, K., Kouraiss, K ., Lefebvre, B., 2020. Taphonomic pathway of
exceptionally preserved fossils in the Lower Ordovician of Morocco. Geobios, 60.

Summary

Following the discovery of the role played by decay and mineralization in the process of
fossilization>*38, it is crucial to understand the effect of maturation and weathering on fossils
from the Fezouata Shale. Classically, it is well known that organic matter volatilizes and
disappears under extreme burial temperatures'’. Modern weathering leaches and removes as
well organic matter from exposed surface sediments’!. Thus, generally, both extreme
maturation and modern weathering play a role in character loss rather than character
preservation. In this chapter, we examine the exact sedimentary facies in which fossils were
buried and matured. Then based on core material we compare the chemical signal from fresh
deep core sediments with superficial sediments in outcrops.

A statistical correlation shows that exceptional fossil preservation is correlated with almost the
most distal facies of the Fezouata Shale’. This facies was deposited just below the storm
weather wave base (SWWB). This environment is rather calm and only affected during periods
of strong storms’?. The generally weak storm record in this facies explains why storms were
not able to transport dead or living organisms when burial occurred®® (see section 3).
Furthermore, the relative burial tardiness observed in this facies when compared to more
proximal facies of the Fezouata Shale may explain why many animals were discovered at the
last stage of their degradation (see section 4) except the cases of organisms that were buried
alive®®. In terms of burial, this facies is not ideal when compared to more proximal facies in
which animals were more recurrently covered by storm deposits®®. However, it comprises a
finer lithology than proximal facies that is essential for exceptional preservation to occur, while
this lithology remains coarser than the most distal facies of the Fezouata Shale’?. Considering
that this facies is not the least porous of this formation due to the presence of silty storm
sediments, fossil alteration can occur more easily than in the most distal, clay-richer deposits.
A comparison of fresh sediments from cores with fossil samples from surface outcrop indicates
that extensive alteration occurred in the Fezouata Shale’?. Fresh deep sediments contain pyrite
minerals and organic matter. In surface sediments, ~ 1-3m depending on the site, organic matter
was removed and pyrite is transformed into iron oxides’?. Surface sediment exhibit as well an
enrichment in manganese and calcium loss’2. Raman spectroscopy-based models for thermal
maturation on fresh carbon indicate the Fezouata Shale sediments were buried on temperatures
that are generally lower than 200°C”>"74. Thus, metamorphism sensu stricto leading to organic
remain volatilization from some deposits did not occur’?. The chemical discrepancies between
fresh and altered sediments (i.e. C and Ca leaching, S removal from pyrite crystals, Mn
enrichment) in the Fezouata Shale are most probably due to modern weathering. In the Draa
Valley, this formation is exposed to abundant water circulations, as revealed by the numerous
abandoned terraces near the outcrops and by the abundance of water wells in the area”. Fast
pyrite oxidation may be induced by Mn-oxides that are abundant in circulating waters in arid
environments with occasional rain similar to the Draa Valley (Fig. 5A)7>7°. The resulting
products of this reaction are Fe-oxides and Mn-sulfates (Fig. 5B)"’. If the quantities of Mn are
not sufficient to fully oxidize pyrite, pyrite oxidation by H20 molecules and atmospheric O2
will take place (Fig. 5B) and unleash considerable amounts of sulfuric acid (Fig. 5C), thus
reducing the pH of the environment and contributing to the dissolution of nearby carbonates
(Fig. 5D)”’. When extensive weathering occurred by circulating waters that are Fe-rich, star-
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shaped iron oxides can be deposited (Fig. 5SE)’2. However, these iron oxides are modern and do
not result from pyrite oxidation (Fig. 5)72.
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Figure 5. Modern weathering effect on fossils from the Fezouata Shale. Note the leaching of calcium from the
skeleton of the solutan echinoderm (CASG72938) and the enrichment of Mn-rich deposits resulting from this
alteration surrounding the analyzed marrellomorph (AA.BIZ31.01.39).
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ABSTRACT

The Fezouata Shale in Morocco is the only Lower Ordovician Lagerstdtte to yield a diverse exceptionally
preserved marine fauna. Sediments of this formation have yielded soft to lightly sclerotized taxa that
were previously unknown from the Ordovician. Yet the taphonomic pathway of fossils from this
formation remains poorly understood. Here, based on drill core material, a close association between
exceptional preservation and a specific sedimentary facies is evidenced in the Fezouata Shale. This facies
corresponds to calm sea-bottoms, sporadically smothered by distal storm deposits. The patterns of
exceptional preservation in this facies indicate that most animals were dead and decayed on the seafloor
prior to their burial by distal storm deposits. Furthermore, contrasted elemental and molecular
compositions between fresh-cored and altered materials show that surface deposits of the Fezouata
Shale were substantially affected by recent weathering. This weathering resulted in the leaching of
organic materials from fossils originally preserved as carbonaceous compressions and the transforma-
tion of pyrite into iron oxides. Understanding the processes behind the current patterns of soft tissue
preservation in the Fezouata Shale is essential prior to any palaeontological description, especially of

taxa with no current representatives.

© 2020 Published by Elsevier Masson SAS.

1. Introduction

Konservat-Lagerstdtten have revolutionized our understanding
of metazoan evolution and diversification, owing to the preserva-
tion in these deposits of soft-bodied and lightly sclerotized
organisms that normally are not preserved (Caron et al., 2006,
2010; Smith and Caron, 2010; Gutiérrez-Marco and Garcia-Bellido,
2015; Lerosey-Aubril et al., 2017; Knaust and Desrochers, 2019).
These deposits are particularly abundant in Cambrian Series 2 and
3, providing critical insights into the Cambrian Explosion, one major
pulse in animal evolution (Butterfield, 1995; Liu et al., 2008; Zhang
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etal., 2008; Duanetal.,2014; Lei et al., 2014). The younger Fezouata
Biota (late Tremadocian) was discovered in the early 2000s in the
Central Anti-Atlas of Morocco, and is the only Lower Ordovician
Lagerstdtte to yield a diverse exceptionally preserved fauna (Van
Roy et al., 2010, 2015a), providing key information on the transition
between the Cambrian and Ordovician (Lefebvre et al, 2016).
Anatomical information found in fossils from this deposit is critical
for deciphering the evolution of major animal phyla (Vinther et al.,
2008, 2017; Van Roy et al., 2015b; Lefebvre et al., 2019).

The general depositional environment of the Fezouata Shale is
constrained, and is storm-dominated with an indirect influence of
tides (Martin et al., 2016; Vaucher et al., 2017). The processes
behind the formation of sedimentary structures related to this
environment were explained in recent works (Vaucher et al., 2016,
2017). Two types of exceptional preservation have been
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documented in the Fezouata Shale: the first one occurs in
concretions (Gaines et al, 2012a). This type of preservation
requires vigorous sulfate reduction around carcasses, resulting in
the establishment of prominent chemical gradients around dead
animals and leading to the early precipitation of minerals around
non-biomineralized tissues (Gaines et al., 2012a). The other type of
preservation is associated with shale (Martin et al., 2016). In these
levels, fossils occur exclusively at bed junctions and not within
beds (Vaucheretal., 2016, 2017), strongly supporting the view that
organisms were smothered on the seafloor under a new blanket of
distal storm deposits, rather than having been carried in sediment
flows (Saleh et al., 2018).

However, the step-by-step mechanism behind this type of
preservation remains largely unexplored. Most fossils collected in
shales are preserved as molds or imprints on the sediments (Martin
etal, 2016), but it is unclear whether these organisms were originally
preserved as carbonaceous compressions. Other non-biomineralized
tissues, such as trilobite digestive tracts and echinoderm water-
vascular systems, are preserved in 3D red to orange iron oxides
(Gutiérrez-Marco et al., 2017; Lefebvre et al., 2019). Considering that
numerous diagenetic mechanisms may alter the original anatomy of
fossil organisms over geological time, deciphering the taphonomic
processes at play in the Fezouata Shale is essential for palaeonto-
logical interpretations, especially for taxa without extant represen-
tatives. Consequently, the aim of this study is to provide insights into
soft tissue taphonomy in the Fezouata Shale based on a detailed
sedimentological investigation constraining the facies in which
exceptional preservation occurred, in addition to a careful geochemi-
cal analysis deciphering the mechanism leading to the current
patterns of preservation in this facies.

2. Geological context

During the Ediacaran (600 Ma), the Panafrican Orogeny led to
the formation of the Gondwana supercontinent. Gondwana
extended from the South Pole to intermediate latitudes in the
Northern Hemisphere. A rifting phase took place in its western part
at the end of the Cambrian. At the beginning of the Ordovician, a
long-term transgression resulted in the flooding of Gondwanan
margins by epicontinental seas (Destombes et al., 1985). The entire

Lower Ordovician succession in the Zagora region in Morocco was
deposited in a generally shallow environment at high latitude,
close to the palaeo-South pole (Torsvik and Cocks, 2011, 2013;
Fig. 1(A)). These deposits unconformably overlie middle to upper
Cambrian strata and are separated by an unconformity from the
overlying lower to middle Darriwilian (Middle Ordovician)
deposits of the Tachilla Fm. (Choubert, 1952; Destombes et al.,
1985). The Fezouata Shale (Tremadocian-Floian) consists of blue-
green to yellow-green sandy mudstones and siltstones that
coarsen upwards. They are up to 900 m thick in the Zagora region
(Vaucher et al, 2016). The long-term transgression at the
beginning of the Ordovician was followed by a regression leading
to the deposition of massive dark brown sandstones characteristic
of the Zini Fm. (late Floian) above the Fezouata Shale (Martin et al.,
2016). The Lower Ordovician succession was interpreted to have
been deposited in a storm-wave dominated sedimentary envi-
ronment (Martin et al, 2016) indirectly influenced by tides
(Vaucher et al., 2017). The corresponding palaeoenvironments
range from the foreshore (S-SE) to the upper offshore (N-NW)
(Vaucher et al., 2017). In intermediate settings of the Ternata plain,
the Bou Izargane locality (Fig. 1(B)), studied in the present work,
has yielded abundant exceptionally preserved fossils including
lightly cuticularized arthropods, sponges, and soft parts of
echinoderms (Van Roy et al., 2015a; Botting, 2016; Lefebvre
et al.,, 2019). This locality (Fig. 2) exposes part of the lower interval
with exceptional preservation, dated as late Tremadocian (Araneo-
Araneograptus murrayi graptolite Zone; Lefebvre et al., 2018).

3. Material and methods
3.1. Field work

In February 2018, a 6.5 m core was drilled at the top of the Bou
Izargane section (30°30'00.5” N; 5°50'56.7"” W; Fig. 2: core 1), in
the Ternata plain, ca. 18.5 km N of Zagora (Morocco), and a second
6.7 m core (Fig. 2: core 2) was made 6.8 m below the first one to
cover most of the sedimentary succession in this locality. Both
cores are temporally stored at the University of Brest, France. The
outcrop in this locality was logged and highly excavated in
2014 and yielded hundreds of exceptionally preserved fossils,

Fig. 1. Bou Izargane in the Ternata plain, Zagora area, Morocco. A. Palaeogeographical location. B. Current location in the Ternata plain (30°30'00.5” N; 5°50'56.7"” W).
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Fig. 2. Sedimentary succession in the Fezouata Shale with a focus on the succession in Bou Izargane showing the alternation of thin background siltstones with coarse
siltstone- to thin sandstone-dominated event levels. The positions of the drilled cores are indicated next to the sedimentary succession. The question marks in the
stratigraphic column indicate intervals where characteristic graptolite assemblages could not be identified (Lefebvre et al., 2018).
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registered in the collections of the Cadi-Ayyad University,
Marrakesh.

3.2. Sediment preparation and analyses

The cores were cut and scanned, using a core XRF-scanner, for
major elements (Si, Al, K) expressed as oxides (wt% SiO,, Al,05 and
K,0) at the University of Brest, France. Then, they were described
for their lithology, grain size, depositional sedimentary structures,
and bioturbation intensity and size, and drawnon a 1:1 scale at the
Laboratoire de Géologie de Lyon, France. The uppermost 2 m of
each core are extremely weathered and show the same greenish
color as on the outcrop. The lower, fresher portions of the cores
range from dark grey to black in color. Twelve thin sections were
made from the cores. Transect analyses combined into elemental
maps (Table S1, Appendix A) from both green and black core
sediments were made on nine samples using a Bruker M4 Tornado
micro-XRF instrument operating at 50 kV, 600 A. This mapping of
the major elements was done to better visualize discrete
lithological changes in the facies and to determine the composition
of silty to very fine sand grains (Fig. 3). In addition, around
100 Raman spectra were collected from nine core specimens (Table
S1, Appendix A) using a Labram HR800 - Jobin Yvon Horiba
spectrometer equipped with semi-confocal optics at the University
of Lyon, France. A microscope with a 100 objective was used to
focus the excitation laser beam, 532 nm exciting line, on a 1-3 wm
size spot and to collect the Raman signal in the backscattered
direction. Acquisitions were performed using two accumulations
of 30 s and a laser power of about 5 mW on the sample surface.

3.3. Statistical approach

Cores give precise information in terms of sedimentary facies
and their evolution, but only minimal information on the vertical
occurrences of exceptionally preserved fossils. Conversely, field
and hand sample observations made at Bou Izargane provide
important information on the occurrence of exceptional preserva-
tion, but with unprecise information on the facies in which
exceptional preservation occurred, due to surface weathering.
Thus, the stratigraphic sequence from the core was compared to
the field-based sequence logged along the same section and
described by Vaucher et al. (2016; Fig. 4(A, B)). Cores were made
starting at the upper surface of the outcrop from which the original
log was made. For more precision, correlations between cores and
outcrop were made based on comparisons of facies defined in
Vaucher et al. (2017) and in the present study (Table 1). Using this
correlation, a statistical approach was developed to link these two
distinct, though complementary sets of data gathered from
outcrops (i.e., occurrences of exceptional preservation) and from
drill cores (i.e., detailed sedimentary facies).

The obtained 13.2 m-thick core succession was divided into 22
60 cm-thick successive intervals. Then, the proportion of each
sedimentary facies identified was calculated in these intervals. A
Principal Component Analysis (PCA) was performed to identify the
facies accounting for the largest variance between the 22 intervals
(Hammer et al., 2001). Facies that are homogeneously distributed are
less likely to explain discrepancies in occurrences of exceptionally
preserved fossils and therefore were removed from further statistical
analysis. The facies exhibiting the highest dissimilarity (i.e., with the
largest variance) were selected for a Classical (hierarchical) Cluster
Analysis (CCA). CCA allows investigating the heterogeneities in terms
of sedimentary facies between the 22 intervals by separating them
into clusters (Hammer et al., 2001). Vertical alternation of intervals
between the clusters was plotted against the pattern of soft tissue
preservation in the field to check any direct link between the
sedimentary facies and exceptional fossil preservation. Then, a

Similarity Percentage analysis (SIMPER; Hammer et al., 2001) was
made to identify which facies caused the highest dissimilarity
between these clusters and thus, to decipher the correlation of
different facies with the absence/presence of exceptional preserva-
tion. Finally, a student t-test was applied to investigate whether the
difference in the proportions of facies causing the dissimilarity
between clusters was significant.

3.4. Fossil analyses

Twenty fossil specimens (Table S1, Appendix A) collected from
late Tremadocian localities in the Zagora area, Morocco, and
registered in the palaeontological collections of the Cadi-Ayyad
University, Marrakesh, Morocco (acronym: AA), Lyon 1 University,
Villeurbanne, France (UCBL-FSL) and the Musée des Confluences,
Lyon (ML), were included in this study. Some of these fossils were
analyzed using a FEI Quanta 250 scanning electron microscope
(SEM) equipped with backscattered and secondary electron
detectors in addition to an energy-dispersive X-ray analyzer
(EDX) operating at accelerating voltages ranging from 5 to 15 kV.
At low energies, light elements such as C can be detected, while at
higher energies, detection of heavier elements is optimized. Some
samples were analyzed using a synchrotron beam X-ray fluores-
cence at the DIFABBS beamline at the Soleil synchrotron, Paris,
France, in order to determine the minor-to-trace elemental
composition of the fossils, as well as of the surrounding matrix.

4. Results
4.1. Core description

Both cores are dominated by Si-rich (Fig. 3(A)), quartz
dominated (Fig. 4(A)), normally graded beds having an erosive
base (Figs. 3(A) and 4(A)). The thickness of these beds varies from
0.2 to 2.5 cm. Intervals with finer grains exist between these beds
(Figs. 3(A) and 4(A)); these levels are Al- and K-rich (Fig. 3(A)) and
are likely more argillaceous (Fig. 4(A)). Mn and Co are present
around and within the layers with the coarsest grains especially in
greenish sediments (Fig. 5). The coarsest layers bear wavy
laminations. These wavy layers are hummocky cross stratifications
(HCS) with a centimeter- to decimeter-scale estimated wavelength
(Figs. 3 and 5), as also observed on outcrops (Vaucher et al., 2017).
Occasionally, these HCS are associated with Ca-rich deposits (Figs.
3 and 5). The distribution of Fe in the cores positively correlates
with the general distribution of both Al and K (Fig. 3(A)). In fresh
and lightly altered sediments, Fe correlates with S as well (Fig. 3),
when pyrite is present (Fig. 4(B)). This pyrite is generally
surrounded by a halo of C-rich organic material (Figs. 4(B) and
6). An absence of both pyrite and C is evidenced in surface
sediments that are extensively altered (Fig. 6). Fe-rich minerals in
these recently weathered sediments are iron oxides.

Evidence for bioturbation is abundant in the cores (Figs. 3 and
5). Bioturbation is mainly horizontal (i.e., less than 1-2 cm in
depth). Some escape burrows have been observed in coarse-
grained layers (Fig. 3(A)). Only one 5-cm vertical bioturbation
occurs in the uppermost part of the sedimentary succession. A
detailed mm-scale description of the two combined drill cores is
given in Fig. 7.

4.2. Facies identification

Five sedimentological facies are defined from the core and are
designated herein as Fc1 to Fc5. Fcl is the finest grained facies
(Fig. 8(A)); it is homogeneous and mostly composed of argillaceous
material (Fig. 9(A)). Fc2 contains coarser siliciclastic layers
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Fig. 3. X-Ray Fluorescence maps of slightly altered core sediments of Fc3 at 405 cm (A), and non-altered deposits showing elemental distributions in Fc2 at 15 cm and Fc4 at
65 cm (B, C). Si is abundant in event beds that are normally graded (i.e., NGB). Al and K are positively correlated in background sediments. Fe and S are partially correlated in
sediments highlighting the presence of pyrite minerals. S most probably indicates organic matter when it is not correlated to Fe. In slightly altered deposits, Mn and Co coexXist
in coarse sediments bearing sometimes Ca-rich bioclasts. Scale bars: 10 mm (A, B), 5 mm (C).

(Fig. 9(B)) showing a normal grading with a considerable amount
of fine sediments in between (Fig. 9(B)). Sediments in Fc3 are
coarser than in Fc2 (Fig. 8(A)). Fc3 consists of stacked, normally
graded layers with little to no fine-grained sediments in between,
and in rare occasions some small HCS are present (see Vaucher
etal., 2016, 2017 for direct evidence for HCS; Fig. 9(C)). Fc4 is made
of coarser sediments than in Fc3 (Fig. 8(A)) and contains abundant

wavy laminations (HCS; Fig. 9(D, E)). Fc5 consists of coarse
siltstones (Fig. 8(A)) containing sometimes Ca-rich deposits
(Fig. 9(F)).

The increase of quartz (SiO,) and decrease of clays (K,O and
Al;03) from Fc1 to Fc5 is shown in Fig. 8(B). Bioturbation is mostly
present in Fc2, Fc3, Fc4, and Fc5 (Fig. 9) and may vary in intensity
within the same facies (Fig. 9(D, E)). Pyrite occurs mainly in Fc2,
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Fig. 4. A. Quartz-rich normally graded bedding (NGB) in the core alternating with clay-rich background sediments seen in thin section from sediments at 240 cm. B. Pyrite
crystals (Py) in the fresh sediments surrounded by a halo of organic material (Om) at 250 cm. Pyrite and organic matter were identified based on Raman Spectra in Fig. 6.

C. Bioclasts (Bioc) possibly of trilobite fragments from sediments at 262 cm. Scale bars: 5 mm (A), 1 mm (B, C).

Table 1
Definition and associated depositional environment of outcrop facies (defined as F1, F2, and F4 in Vaucher et al., 2017) and core facies (defined as Fc1 to Fc5 in this study).
Description Depositional setting
F1 Argillaceous siltstones with sparse intercalations of siltstones (mm-thick) Below storm weather base
F2 Coarse siltstones with hummocky cross-stratification (HCS) of cm-scale wavelength Above storm weather base
F4 Fine sandstones with centimetric to decametric HCS, the laminations are underlined by thin layers of Below Fair weather base

coarser quartz grains

Fc1 Homogenous, composed of argillaceous material Below storm weather base

Fc2 Siltstones with normally graded beds separated by argillaceous material Below storm weather base,
more proximal than Fc1l

Fc3 Siltstones with stacked normally graded beds Around the storm weather base

Fc4 Siltstones with stacked normally graded beds and abundant HCS Above the storm weather base

Fc5 Coarse siltstones/fine sandstones with abundant bioclasts Below fair weather base

Fc3, Fc4, and Fc5, with the largest pyrite crystals being observed in
Fc2 (Fig. 9(B)).

4.3. Statistical analyses

Principal component analysis shows that most of the variance
between the 22 defined intervals is related to Fc2, Fc3, and Fc4
(Fig. 10(A)). Fc1 and Fc5 can be excluded from further statistical
tests because they contribute to less than 5% of heterogeneities
between intervals. Based on variations in the proportion of Fc2,
Fc3, and Fc4 in the 22 intervals, two clusters were extracted
(Fig. 10(B)). The alternation of intervals between Cluster 1 and
Cluster 2 fits with 95% fidelity the presence/absence of exceptional
preservation in these deposits, validating that this type of
preservation is directly linked to the sedimentary facies in the
Fezouata Shale (Fig. 10(D)).

Fc2 and Fc4 are responsible for 81% of the difference between the
two clusters (Fig. 10(C)). Fc2 is abundant in Cluster 1 (Fig. 10(C))
which is correlated with intervals bearing exceptional preservation
(Fig. 10(D)). Fc4 is abundant in Cluster 2 (Fig. 10(C)) that is
correlated with intervals where exceptional preservation is absent
(Fig. 10(D)). The differences in the distribution of Fc2 and Fc4 in
Cluster 1 and Cluster 2 are significant (P=0.003 and P=2.8.1077,
respectively). The difference in the proportion of Fc3 between the
two clusters is not significant (P = 0.1), indicating that this facies did
not significantly contribute to the differences observed between
intervals with and without exceptional preservation.

4.4. Fossil preservation

Red/orange 3D fossils from the Bou Izargane locality appear to
be preserved in iron oxides (Fig. 11(A)). In these samples, iron is
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Fig. 5. X-Ray Florescence maps of altered green core sediments of an intermediate Fc3-Fc4 facies at 1320 cm. These sediments show the absence of S-rich materials, except in
the bottom part of the slab. Mn and Co are enriched in these sediments in comparison with fresh material in Fig. 3(B, C). Scale bar: 5 mm.
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Fig. 6. Raman spectra on thin sections (for analyzed material see Table S1, Appendix A) showing the presence of both pyrite and C in fresh core sediments, as well as the
replacement of pyrite by iron oxides and the absence of organic C in weathered surface core slabs. The Raman spectra on organic material show the characteristic peaks of C.

present in two different morphologies: abundant in small euhedral
crystals (Fig. 12(B, C)), and dispersed as framboid-shaped minerals
(Fig. 12(D)). The obtained SEM spectra, at low voltage, show a low
concentration of C in these fossils (Fig. 11(A)) in comparison with
the abundance of C around pyrite in fresh deposits (Figs. 4(B) and
6). Cis abundantly present in fresh sediments (Fig. 6) but absent in
cuticularized to lightly sclerotized fossils preserved as 2D imprints
as well (Fig. 11(B)). In both 3D and 2D modes of preservation, thin
star-like (Fig. 12(E, G)) iron-rich minerals (Fig. 12(H)) may cover
parts of the fossils. The majority of this Fe in star-shaped minerals
is found in fossils that are covered by Co and Mn-rich deposits
(Fig. 13) in rose-like minerals (Fig. 12(F, G)).

5. Discussion
5.1. General depositional environment

The increase in SiO, and decrease of Al,05 and K0 from Fc1 to
Fc5 (Fig. 8; Table S2, Appendix A) is indicative of the energy at
which sediments were deposited. In open marine environments,
Si-rich sandstones (i.e., quartz) are found in high-energy proximal
settings, while Al- and K-rich clays are generally found in lower
energy, more distal environments. In the Fezouata Shale, Si is
associated with the coarsest grained sediments (Figs. 3 and 5)
originating from the shallowest settings (i.e., beach to the SE of
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Fig. 8. Lithology in the Fezouata Shale. A. Quartz grain size evolution in Fc1to Fc5 seen in thin section with crossed-polarized light and/4 gypsum plate. B. Quantifying the

Fig. 9. Sedimentary structures in Fc1 (A), Fc2 (B), Fc3 (C), Fc4 (D, E) and Fc5 (F). Normally graded beds are frequently discontinuous due to bioturbation in B-F. Scale bars:
5 mm.
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preservation is strongly correlated with the sedimentary facies.

Zagora; Vaucher et al.,, 2017). In this sense, the finest grained
sediments (Figs. 3 and 5) belong to more distal settings and are K-
and Al-rich. The dominant clay mineral in this formation is illite
(Saleh et al., 2019). The presence of oscillatory structures in Fc4
and Fc5 (Fig. 9) and the absence of these structures in other facies
support this interpretation. HCS are sedimentary structures first
described as characteristic of storm deposits (Harms et al., 1975).
Wave oscillation induces wave orbitals in the water column that
decrease in size with depth. In a shallow environment, wave
orbitals form large HCS on the seafloor (Vaucher et al., 2016, 2017).
Conversely, in deep environments, these orbitals dissipate before
attaining the sediment and thus leave no trace on the seafloor.
Furthermore, the abundance of normally graded beds in the core
(Figs. 3(A) and 4(A)) indicates that sediment was deposited by
successive events of decreasing energy. These event beds can be
formed either during storms or turbiditic events. In the Fezouata
Shale, the monotonous alternation of event beds with the
background sedimentation and the occurrence of HCS favor the
interpretation of event sediments as storm deposits. In this sense,
the high frequency of storm events is another indication of less
distal sites, more affected by storm wave oscillations (Vaucher

et al., 2016). The absence of event layers in Fc1 (Fig. 9(A)) indicates
that this facies is characteristic of settings below the Storm Wave
Base (SWB). Fc2 shows some event beds isolated in the background
sedimentation and an absence of HCS (Fig. 9(B)). This facies is
characteristic of settings below the SWB, but more proximal than
Fc1. Fc3, showing stacked storm events, and rarely HCS (Fig. 9(C)),
is more proximal than Fc2. Fc3 was deposited around the SWB. In
Fc4, HCS are abundantly present (Fig. 9(D, E)), revealing a more
proximal environment above the SWB with higher energy than
what is observed in Fc3. The coarse grains constituting Fc5
(Fig. 9(F)) and the presence of HCS with a wavelength estimated to
be around 10 cm were deposited closer to the Fair Weather Base
(FWB). Due to the coarse-grained and high porosity of Fc5,
elemental enrichment (e.g., Mn; Fig. 5) may occur and alter the
original elemental distribution of this facies (Fan et al., 1992). The
Ca-rich deposits in some laminae (Figs. 3(A, C) and 5) may
resemble carbonate cement deposited in deep settings (i.e., basin)
of some Cambrian Lagerstdtten (Gaines et al., 2012b). Carbonate
cements are used to explain the presence of exceptional
preservation in some deposits due to their ability to block
exchange between sediments and the water column thus
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Fig. 11. Preservation mode of fossils in the Fezouata Shale, evidenced by SEM-EDX point spectroscopy of surface samples using accelerating voltages from 5 to 15 kV in order
to enhance signal from light elements (C, O) and to promote fluorescence of heavier elements such as transition metals (Fe) in 3D fossils (A) and matrix and fossil imprints (B).
Analyzed regions are marked as pink circles in the sample photographs. Scale bars: 5 mm (A), 10 mm (B).

depriving oxidants of attaining dead carcasses (Gaines et al.,
2012b). However, critical differences exist between these cements
and the observed carbonate laminae in the Fezouata Shale.
Carbonate cements from the Cambrian are deposited at the top
of turbiditic events (Gaines et al., 2012b), while in the Fezouata
Shale, Ca-rich deposits occur only at the base of oscillatory
structures with a coarse lithology and a high porosity (Figs. 3(A, C)
and 5). If carbonate precipitation occurred in the Fezouata Shale, its
original Ca source must be the bioclasts observed in thin sections
cutting through the bottom of storm deposits (Fig. 4(C)) especially
because carbonates are not evidenced elsewhere in this formation
(Vaucher et al., 2016). Thus, the most distal facies is Fc1 and the
most proximal facies is Fc5 with Fc2, Fc3, and Fc4 in between,
respectively. This model of facies is in accordance with outcrop-
based sedimentological models for the Fezouata Shale from which
an outcrop to cores correlation was made (Table 1).

5.2. Facies for exceptional preservation

Exceptional preservation requires burial by event deposits
(Vaucher et al., 2016). In the Fezouata Shale, this condition was
present in the entire core (Fig. 10(D)) except in Fc1 that constitutes
only 6% of the studied deposits (Fig. 7). Another requirement for
exceptional fossil pyritization is iron availability. Iron was a limited
element in the Fezouata Shale environment (Saleh et al., 2019). In
these deposits, Fe supply was likely associated to periods with high
seasonality leading to high iron-rich continental fluxes to the sea
(Saleh et al, 2019) (Fig. 10(D)). Thus, during intervals with
enhanced Fe availability exceptional preservation could occur in
intervals -4, I-5, I-6, -7, 1-12, I-13, I-14, 1-20, I-21, and 1-22 (Saleh
et al,, 2019; Fig. 10(D)).

Although the general conditions for exceptional preservation
were occurring in many intervals, the presence of exceptionally
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preserved fossils at Bou Izargane is more restricted (i.e.,
exceptional preservation occurred in I-4, I-5, I-6, I-7, I-13 and I-
20; Fig. 10(D)). Thus, the absence of soft parts, e.g., in I-14, is
possibly related to the original absence of living organisms on the
sea floor. This hypothesis is confirmed by the absence of benthic
fauna (both hard and soft parts) in this interval, showing that
environmental conditions on surface sediments were probably not
favorable for the colonization of this environment (Saleh et al.,
2018). Statistical analyses show that an alternation of clusters,
which are reconstructed based on the proportion of different
sedimentary facies, can predict with a 95% fidelity the presence
and location of intervals with exceptional preservation discovered
in the field (Fig. 10(D)). Levels with higher proportions of Fc2 and

lower proportions of Fc4 have a higher potential to yield
exceptional preservation (Fig. 10(C)). This is because Fc2 combines
rather calm environmental conditions with lower energy events
compared to other facies, allowing living organisms to colonize the
sea floor (Saleh et al., 2018), in addition to burial during event
deposition, a prerequisite condition for exceptional preservation
(Vaucher et al., 2017).

The unique negative correlation between the alternation of
clusters and the patterns of exceptional preservation is exempli-
fied in I-10 (Fig. 10(D)). I-10 yielded a considerable number of
mineralized skeletons (Saleh et al, 2019). The absence of
exceptional preservation in this facies does not result from the
original absence of living organisms, but may be due to the lack of
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berthierine in this level (Saleh et al., 2019). Berthierine is an iron-
rich clay mineral that can be deposited in the sediments from a
primary clay precursor under anoxic conditions (Tang et al., 2017).
It is documented in most intervals with exceptional preservation in
the Cambrian (Anderson et al., 2018), and only in specific levels of
the Fezouata Shale in which exceptional preservation occurred
(Saleh et al., 2019). In experimental studies, it was shown that
berthierine slows down bacterial decay due to the damage of
bacterial cells (McMahon et al., 2016). However, some authors
interpreted its presence as a symptom of the same conditions that
led to exceptional fossilization, rather than a cause for soft tissue
preservation (Anderson et al., 2018). In order to further investigate
this discrepancy, future work should study the timing of
berthierine formation and its exact geographical distribution in
consecutive sediment laminae.

5.3. Taphonomic pathway of fossils in Fc2

5.3.1. Burial and decay

In the Fezouata Shale, fossils were preserved in situ (Vaucher
et al., 2017; Saleh et al., 2018) in Fc2 (Fig. 14(E)). Fc2 combines a
fine grain size and the occurrence of event deposits favoring burial.
Both conditions are necessary for exceptional preservation (Gaines
et al.,, 2012b). However, in distal settings comparable to Fc2, burial
occurred only during strong storms (Saleh et al., 2018), causing a
delay in the start of the fossilization process. For instance, in one
interval with exceptional preservation 600 fossils were discovered,
but only a limited number of them show soft tissue preservation
(about 30 stylophorans, 10 trilobites, and 5 marrellomorphs;
Lefebvre et al., 2019). Furthermore, the single preserved hyolithid
specimen with soft parts from the Fezouata Shale shows totally
decayed tentacles (Marti Mus, 2016). These two examples of soft
tissue preservation suggest that organisms were most probably
dead and decaying on the sea floor prior to their burial (Fig. 14(A-
C)). Pre-burial decay was also used to explain the absence of
completely cellular animals (i.e., without cuticle, sclerites, or
minerals) from the Fezouata Shale (Saleh et al., 2020) in contrast to
most Cambrian Lagerstdtten. In the Cambrian, soft-bodied and

lightly sclerotized organisms were killed during obrution events
and transported by the same event to another facies for their
preservation leading to a smaller exposure to pre-burial decay
(Gaines, 2014). This taphonomic process can explain the abun-
dance of soft cellular animals and hyolithid tentacles in sites such
as the Burgess Shale (Moysiuk et al., 2017; Saleh et al., 2020).

5.3.2. Authigenic mineralization

Experimental approaches have shown that pyrite can form
under different circumstances (Rickard and Luther, 1997; Grimes
et al., 2002). Pyrite can precipitate in the water column, surface
sediments and even under deep burial under anoxic conditions.
However, selected soft anatomies replicated by pyrite minerals are
often associated with active, localized sulfate reduction in iron-
rich pore waters during early diagenesis resulting in a strong
concentration gradient, and confining pyrite precipitation to dead
carcasses (Farrell, 2014). Under sulfate-reducing conditions,
bacteria transform organic matter and sulfates into HS™ and then
to hydrogen sulfides H,S, which react with Fe in a series of
reactions to form pyrite (Raiswell et al., 1993; Schiffbauer et al.,
2014). In the Fezouata Shale, anoxic conditions leading to sulfate
reduction were established at the time of burial at the bottom of
storm deposits (Vaucher et al., 2016, 2017) leading to pyritization
of some tissues deposited under event beds. The chemical stress
generated by oxygen depletion in the sediment is also evidenced
by horizontal biological traces that are shallow with some escape
burrows crossing event deposits. As bioturbation depth is minimal,
it is most probable that the sediment was anoxic a few centimeters
below storm deposits. Further ichnological work should investi-
gate biological traces in detail in order to test this scenario and
constrain oxygenation between the bottom of the water column
and the sediments.

Because in open marine environments sulfates are not limited,
pyritized tissues are those providing sufficient organic material to
form H,S (Jergensen, 1982; Jergensen et al., 2019; Fig. 14(D)).
Laboratory experiments made under surface-sediment conditions
have shown that the most labile decaying soft parts produce
considerable amounts of H,S, which reacts with iron to form nuclei
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Fig. 14. Mechanism for soft part preservation in the Fezouata Shale (A-F), and recent weathering explaining the preservation state of fossils (G). A: Living organism on the sea
floor; B: Dead organism starts to decay prior to burial; C: Anoxic conditions are established due to burial, at the base of storm events, H,S forms in decaying carcasses; D: Pyrite
precipitation in specific tissues while the rest remains as carbonaceous material; E: With time, a facies similar to Fc2 is observed, combining conditions for both the
colonization of the environment by a benthic fauna and for the preservation of this fauna; F: With compaction, fossils were preserved as 2D C-rich films with occasionally 3D
pyritization; G: Recent weathering effect removes C from the fossils and alters the chemical signal of pyrite.

for pyrite framboids (Butler and Rickard, 2000). However, less
labile soft parts produce less H,S, and thus fewer nuclei leading to
the precipitation of mainly cubic, and sometimes octahedral
minerals (Gabbott et al., 2004). In the Fezouata Shale, framboid
minerals in 3D fossils are scarce (Fig. 12(D)) and much less
abundant than euhedral pyrite (Fig. 12(C)); this emphasizes the
removal of a considerable quantity of organic material, due to
burial delay and oxic decay, prior to the permissive chemical
conditions for pyrite precipitation. If a tissue did not provide
sufficient H,S to form nuclei when anoxic conditions occur (e.g.,

non-cellular cuticles made of polysaccharides) for neither euhedral
nor framboidal minerals, it remains preserved as a carbonaceous
compression.

5.3.3. Late diagenesis, metamorphism, and modern weathering
Although mineralogical and chemical evidences favor the idea
of an early authigenic pyritization of some soft tissues in the
Fezouata Shale, the geochemical signal of these minerals in fossils
from outcrops is clearly altered. The absence of S-rich minerals in
surface fossils (Fig. 11) indicates that pyrite was oxidized and S was
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partly leached after early diagenesis (Ahm et al., 2017). This can be
due to either metamorphism or modern weathering. According to
mineral distributions in shales from the Fezouata Lagerstditte,
sediments did not experience high burial temperatures as only
3 km of sediments were deposited above the Fezouata Shale (Ruiz
et al., 2008; Saleh et al., 2019; Fig. 14(F)). This is confirmed by a
Raman signature representative of fresh organic matter (i.e., low
burial temperatures around 200 °C) characterized by the presence
of the D4 band and the absence of the D2 band, as well as by the
higher intensity of the D1 band compared to the G band (Rahl et al.,
2005; Kouketsu et al., 2014; Fig. 6). These temperatures are lower
than in other deposits with soft tissue preservation in which the D4
band is less pronounced and the G band has a higher intensity than
the D1 band (Topper et al., 2018). Thus, it is more likely that the
removal of S from pyrite in green surface sedimentary rocks of the
Fezouata Shale results from modern weathering rather than from
metamorphism. In the Draa Valley, this formation is exposed to
abundant water circulations, as revealed by the numerous
abandoned terraces near the outcrops and by the abundance of
water wells in the area (Warner et al., 2013). Fast pyrite oxidation
may be induced by Mn-oxides that are abundant in circulating
waters in arid environments with occasional rain similar to the
Draa Valley (Potter and Rossman, 1979; Warner et al., 2013).
Depending on Mn-oxide quantities in circulating waters, the
outcome of pyrite oxidation may differ. When the quantity of Mn-
oxide is high enough to fully oxidize pyrite, the resulting products
of this reaction are Fe-oxides and Mn-sulfates (Larsen and Postma,
1997). Additionally, since manganese oxides are much stronger
adsorbents of elements such as Co and Ni than iron oxides
(McKenzie, 1980), the reduction of manganese oxide may cause a
major release of these elements in the surrounding environment
(Postma, 1985). If the quantities of Mn-oxides are not sufficient to
fully oxidize pyrite, pyrite oxidation by H,O molecules and
atmospheric O, will take place and unleash considerable amounts
of sulfates, thus reducing the pH of the environment and
contributing to the dissolution of nearby carbonates (Larsen and
Postma, 1997). In the Fezouata Shale, it seems that both pyrite
oxidation pathways were operational. Mn-oxides altered pyrite,
contributing to the initial precipitation of Co- and Mn-rich
deposits. The latter reaction may lead to a diffusion of Mn in
the sediments, which would explain the distribution of Mn around
the appendages of the analyzed marrellomorph (Richard et al,,
2013; Fig. 13). Subsequently, H,O transformed the remaining
pyrite into Fe-oxides and sulfuric acid, and was also responsible for
the dissolution of Ca (Lucas, 2019) and the poor preservation of
skeletal elements of different groups with preserved soft parts,
such as echinoderms (Lefebvre et al., 2019).

5.3.4. Original mode of preservation and comparison with the
Chengjiang Biota

The contrast between the presence of C in fresh sediments (Figs.
4(B) and 6) and its absence from surface deposits (Fig. 6) may be
also the result of modern weathering. The association of C to pyrite
crystals in fresh sediments (Fig. 4(B)) suggests that the original
mode of preservation in the Fezouata Shale includes both
carbonaceous compressions and pyrite replicates. In this sense,
flattened fossils (Fig. 11(B)) were most probably originally
preserved as 2D carbonaceous films. However, due to recent
weathering, C was leached from originally non-pyritized structu-
res and pyrite was transformed to iron oxides in 3D mineralized
tissues (Fig. 14(G)). Similarities in terms of taphonomic pathway of
soft tissues in the Fezouata Shale are particularly high with the
Chengjiang Biota. Early studies of the Chengjiang Biota have
emphasized the role of pyrite in replicating some tissues within
individual fossils (Gabbott et al., 2004; Zhu et al., 2005). Later
works focusing on less weathered material demonstrated that the

role of pyrite in the preservation of the Chengjiang Biota fossils
may have been overestimated (Forchielli et al., 2014). Instead,
carbonaceous films comprise the major original component of
preservation in the Chengjiang Biota, and only some soft tissues
were selectively replaced by pyrite (Edgecombe et al.,, 2015).
However, C was lost in outcrop fossils probably due to the
extensive activity of recent weathering (Gabbott et al., 2004;
Gaines et al., 2008), as it is likely the case for the Fezouata Shale.

6. Conclusions

In this study, detailed sedimentological facies identified in the
Fezouata Shale based on fresh core material offer unique insights
into the mechanisms at play in the exceptional preservation. Distal
environments of the Fezouata Shale below the SWB were
inhabitable by living individuals. Dead organisms were exposed
to pre-burial decay. At time of burial, based on observations of
minimal bioturbation in the core, permissive anoxic conditions
were established few cm below surface sediments. Under these
conditions, pyrite replicated selectively some soft tissues, while
the rest remained carbonaceous. Carbonaceous parts were then
flattened due to compaction while pyrite replicates kept their 3D
morphology. Afterward, carbon was leached from 2D compres-
sions and surface sediments due to recent weathering. This
weathering altered the original chemical signal of pyrite trans-
forming it to iron oxides. When extensive weathering occurred, Mn
and Co-rich deposits precipitated in addition to some star-shaped
iron oxides that have nothing to do with the original anatomy of
the fossils.
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7. DIRECT IMPLICATIONS: REAL vs FAKE SOFT TISSUES

This chapter consists of two papers:

e Paper 6: Saleh, F., Lefebvre, B., Hunter, A.W., Nohejlova, M., 2020. Fossil weathering and
preparation mimic soft tissues in Eocrinoid and Somasteroid echinoderms from the Lower
Ordovician of Morocco. Microscopy Today, 28(1), 24-28.

e Paper 7: Lefebvre, B., Guensburg, T.E., Martin, E.L., Mooi, R., Nardin, E., Nohejlov4, M.,
Saleh, F., Kouraiss, K., El Hariri, K., David, B., 2019. Exceptionally preserved soft parts in
fossils from the Lower Ordovician of Morocco clarify stylophoran affinities within basal
deuterostomes. Geobios, 52, 27-36.

Summary

Understanding the taphonomic process behind the patterns of soft tissue preservation allows for
a clear understanding of enigmatic structures preserved in animals from the Fezouata Shale’?.
In this chapter we examine enigmatic structures resembling water vascular systems in modern
echinoderms preserved in samples of stylophoran, eocrinoid, and somasteroid Ordovician
taxa>>78, In the somasteroid specimen, the structure resembling a water vascular system appears
to be preserved in C rich material’®. Considering that C is never preserved in altered surface
sediments from the Fezouata Shale, it is likely that this C does not underline any original
anatomy’8. In fact, similar carbon-rich spots appear to be present in all micro-depressions in the
rock and they most probably result from the consecutive latex cast made on the specimen prior
to its chemical analysis’®. The structures resembling the water vascular system in the eocrinoid
specimen are Fe-rich’®, However, Fe in this specimen is not limited to this particular structure
as star-shaped minerals resulting from modern weathering cover the entire specimen including
imprints of its skeletal elements (Ca was leached out by modern weathering; see section 5)78.
The spots that are particularly enriched with Fe correspond to small cavities between skeletal
plates’®. Thus it is most probably that the structure resembling water vascular systems is a
weathering artifact caused by a stagnant Fe-rich waters in these cavities’8. The structures found
in the stylophoran specimen are also iron-rich and formed of iron-oxides>. However, in this
case it appears that iron oxides are preserved in the shape of small euhedral and framboidal
crystals, indicating that these minerals are surely the result of pyrite weathering>?. Considering
that pyritization occurred shortly after the death of the organism and is controlled by its original
chemistry (see section 4), these structures constitute the earliest known evidence of a preserved
water vascular system’?. By bringing new evidence that the stylophoran appendage is an
echinoderm feeding arm and not a hemichordate-like tail, this discovery shows that the
interpretation of these fossils as early echinoderms retaining features of basal ambulacrarians
and/or hemichordates can be definitively rejected, ending longstanding debates on the
systematic affinity of these taxa™.
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Abstract: Investigation of the Fezouata Shale has added to our
knowledge on the initial diversification of metazoans. These Lower
Ordovician deposits yielded abundant and diverse remains of cuticu-
larized to lightly sclerotized organisms, in addition to numerous soft
tissues. Described fossilized soft parts recovered from the Fezouata
Shale belong mainly to arthropods. Soft tissues in echinoderms, a
main component of the Fezouata Biota, remain largely unexplored.
Here, we show that soft tissue-like impressions previously reported
in eocrinoid and somasteroid echinoderms from this formation, are
the results of modern weathering and fossil preparation that involved
the use of latex molds: they do not reflect any original (soft) anatomi-
cal features of these organisms. These two examples suggest that
reports of putative soft parts, especially in taxa with no current repre-
sentatives, need to be thoroughly and critically evaluated.

Keywords: Echinoderms, Exceptional Preservation, Fezouata Lager-
statte, Morocco, Ordovician, SEM, X-ray fluorescence maps

Introduction

Exceptional fossil preservation consists of the preserva-
tion of non-biomineralized soft parts (for example, digestive
and nervous systems of animals) in the geological record. Fos-
siliferous localities showing this type of preservation are called
Konservat- Lagerstitten. The late Tremadocian Fezouata Shale
in the Anti-Atlas of Morroco, deposited approximately 480 mil-
lion years ago, is the only Ordovician period Konservat-Lager-
stdtte to yield a fully marine diverse exceptionally preserved
fauna [1]. The ~900 meter thick siltstones of the Fezouata Shale
have yielded over 200 taxa of marine invertebrates [2]. Most
of them belong to arthropods and echinoderms [2,3]. In these
deposits, exceptionally preserved soft parts (for example, guts)
are well-documented in various groups of arthropods (for
example, anomalocaridids, trilobites) [1,2,4,5], annelids [6],
hyolithids [7], molluscs [8], and palaeoscolecid worms [9,10].

In marked contrast, very few occurrences of exception-
ally preserved soft parts have been reported from Fezouata
echinoderms: a putative gut was mentioned in one specimen
of solutan [11], and more abundant remains (water-vascular
system, gut) were described in stylophorans [12]. The water-
vascular (or ambulacral) system is a complex, non-biomin-
eralized, coelomic, hydraulic structure, which is unique to
echinoderms. It consists of ambulacral canals leading to lat-
eral sets of smaller tube feet, which are used for feeding, loco-
motion, and respiration.

Such a rarity of exceptionally preserved soft parts in echi-
noderms from the Fezouata Shale is not surprising. In spite of
some recent spectacular reports, for example, in the Silurian

Herefordshire Lagerstdtte, UK [13,14,15] or the Devonian Hun-
sriick Slate, Germany [16], very few examples of soft parts have
been described in fossil echinoderms. This situation mainly
results from the fast post-mortem disarticulation of their
multi-element calcite skeleton and, hence, their low preserva-
tion potential, [3,17]. Experimental taphonomy, the study of
how organisms decay and become fossilized, on modern echi-
noderms suggests that both skeletal elements and soft parts
disarticulate and degrade within a few days after death [18].
Consequently, due to taphonomic biases [19], the preserva-
tion of complete echinoderm specimens yielding soft tissues
is extremely rare even within Lagerstdtten. Because of these
biases, understanding the preservational pathway of an organ-
ism is vital prior to any paleontological description especially
for animal groups with no current representatives. In this
study, we aim at understanding the preservation of eocrinoids
and somasteroids from the Fezouata Shale [20,21] and criti-
cally evaluate the recent reports of putative soft tissues (water-
vascular system) in these two groups.

Material and Methods

The taphonomy of soft parts was analyzed in the two
best-preserved specimens of eocrinoid and somasteroid echi-
noderms from the Fezouata Shale [20,21]. This material is
deposited in the paleontological collections of the Musée
des Confluences, Lyon, France (acronym “ML”), and Claude
Bernard Lyon 1 University, Villeurbanne, France (acronym
“UCBL-FSL”), respectively. The eocrinoid specimen (ML20-
269159, Reboul collection) was collected at Bou Izargane, about
18 km north of Zagora, Morocco. This locality is a well-known
fossiliferous site, where abundant and diverse late Tremado-
cian exceptionally preserved fossils have been collected (for
example, anomalocaridids, marrellomorphs, palacoscolecids),
including trilobites and stylophoran echinoderms with soft
parts [5,12,22]. The somasteroid specimen (UCBL-FSL 424962,
Vizcaino collection) is from an unknown locality, probably late
Tremadocian in age, from the Ternata plain, north of Zagora,
Morocco.

The two specimens were characterized using a FEI Quanta
250 scanning electron microscope (SEM) equipped with a
backscattered electron detector in addition to an energy-
dispersive X-ray analyzer (EDX) at accelerating voltages that
varied from 5 to 15 kV. The backscattered electron detec-
tor allowed the acquisition of images with dark pixels corre-
sponding to light elements (that is, small atomic number Z)
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and white pixels corresponding to spots with heavy elements
(that is, high atomic number Z). The EDX allowed, at low volt-
ages, optimized acquisition of spectra revealing the distribu-
tion of light elements (that is, carbon). At high voltages, heavy
elements, such as iron, were detected. In addition, X-ray fluo-
rescence (XRF) elemental maps of these two specimens were
obtained using a Bruker M4 Tornado micro-XRF instrument
operating under vacuum at 50 kV and 600 uA.

As both specimens were not completely flattened it was
difficult to assess if negative elemental results were due to the
actual absence of elements in the analyzed spot, or if the nega-
tive results were due to a topographic effect that inhibited the
beam from reaching the spot. For this reason general elemen-
tal maps of rhodium Rh, the source of the XRF machine, were
made. When Rh signal was absent it indicated that topographi-
cal effects prevented the beam from reaching the spot. Pres-
ence of Rh implied that the beam did reach the surface and the
absence of an element was due to actual absence of this element
from the chemical composition of the analyzed area.

Results

The eocrinoid specimen (Figure 1A) is
entirely preserved in iron (Fe), which is shown
by the green fluorescence in Figure (1C) and
the SEM EDX map in Figure 1E. This contrasts
with the matrix, which is rich in silicon (Si)
as shown by the red fluorescence in Figure 1B
and the SEM EDX map in Figure 1E. Some Fe-
rich small and repetitive structures are present
within the brachioles (skeletonized arm-like
feeding appendages) (Figure 1D). Most of the
Fe-rich areas are preserved in small iron crys-
tals that do not have any specific shape (that
is, star-like minerals that are not euhedral nor
framboidal; Figures 2A-D).

The somasteroid specimen (Figure 3A) is
preserved as an imprint in the rock, and it shows
the same elemental signature as the matrix,
which is rich in Si (Figure 3B). However,
some areas of the fossil appear to be depleted
in Si (Figure 3B). Rh distribution shows that
some of these anomalies are due to the actual
absence of Si (that is, when Rh is present Rh+;
Figure 3C), while the absence of Si in other
regions is simply due to a hidden zone that was
not analyzed by the beam (that is, Rh-; Figure
3C). The Rh+ zones are rich in carbon that is
mostly detected when analyzing the specimen
at 5kV (Figure 3D). The carbon shows a repeti-
tive pattern of small identical structures along
the arms of the somasteroid (Figures 4A-B).
However, carbon is also present elsewhere in
the specimen (Figures 4C-F).

Interpretation and Discussion

The structures found in both the eocri-
noid (Figure 1D) and somasteroid (Figures
4B-C) specimens resemble tube feet of the

evidenced in stylophoran echinoderms from the Fezouata
Shale [12]. However, both the elemental and mineralogical sig-
natures are different in these three occurrences.

Soft parts in exceptionally preserved fossils from the Fez-
ouata Shale are preserved in both euhedral and framboidal
pyrite [23]. These mineralogical morphologies are indicative
of an early authigenic pyritization that occurred under anoxic
conditions at time of burial [24], replicating soft tissues that are
the most prone to decay [25]. After that, pyrite was transformed
due to recent weathering to iron oxides [12,23]. This situation
was observed in the soft parts reported in the stylophoran
material from Bou Izargane in Morocco [12].

In contrast, the near absence of both euhedral and fram-
boid minerals in the eocrinoid specimen indicates that iron-
rich minerals that are found in this fossil are not the result of
the combined activity of authigenic mineralization and recent
weathering. In this fossil, the iron oxides are simply related to
the activity of recent weathering and, thus, they do not rep-
licate any original anatomy. The distribution of these Fe-rich

Figure 1: Analyzed specimen of eocrinoid echinoderm, late Tremadocian, Fezouata Shale, Bou
Izargane, Zagora area, Morocco; ML20-269159. (A) Photograph of the specimen; (B) X-ray fluores-
cence image of inset shown in Figure 1A. Red indicates a high concentration of silicon distribution;
(C) X-ray fluorescence of iron distribution (green) from the inset region of Figure 1A; (D) tube feet-like
structures of the putative water vascular system showing iron distribution; (E) SEM-EDX elemental
distribution in the matrix and the fossil.

water vascular system, as, for example, those
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minerals in all anatomical parts of the specimen,
including skeletal plates (Figure 1C), validates this
hypothesis.

The somasteroid specimen shows a totally dif-
ferent elemental distribution in the tube feet-like
structures, with the total absence of Fe and the pres-
ence of carbon. Carbonaceous films are the main
mode of preservation of soft tissues, especially in the
Paleozoic era [26]. However, in surface sediments of
the Fezouata Shale, carbon is absent from all fossils
that have been analyzed [9,10,12]. The porous aspect
of C-rich deposits in the analyzed specimen is strik-
ingly different from the texture of carbon films in
exceptionally preserved biotas [26]. Moreover, in
the somasteroid specimen, carbon is not limited
to any specific region but appears to fill all micro-
depressions of the specimen (Figures 4D-G). Thus,
it is very likely that this carbon is the consequence
of preparation artifacts: numerous latex casts were
made to study the detailed morphology of this speci-
men. Apparently, latex was not completely removed
from small cavities located between skeletal plates,
thus mimicking regularly branching tube feet along
the ambulacral canal, in the arm region of the ana-
lyzed specimen.

Conclusion

This study confirms the validity of the inter-
Figure 2: SEM-EDX images showing amorphous shape of particles and iron-rich areas (white regions). pretation as soft parts of the structures identified in
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Figure 3: Analyzed specimen of somasteroid, late Tremadocian, Fezouata Shale, unknown locality, Zagora area, Morocco; UCBL-FSL424962. (A) Photograph of the
specimen; (B) XRF, Si distribution; (C) XRF, superposition of Rh (blue) with K; (D) SEM-EDX elemental distribution in the tube feet-like structures.
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Figure 4: (A-B) Carbon particles (black) in tube feet-like structures of the
putative water vascular system, (C—F) carbon particles found in other random
structures showing the same carbon distribution as tube feet-like structures.

stylophoran echinoderms from the Fezouata Shale [12]. How-
ever, it also shows that it is probable that reports of putative soft
parts in eocrinoids and somasteroids from the Fezouata Shale
[20,21] are either preparation artifacts or the result of recent
weathering. In addition, it shows that understanding the his-
tory of a specific fossil, from the excavation to preparation, is
essential for proper paleontological interpretation, especially
when it comes to the description of soft tissues in extinct taxa.
These results should be taken into consideration when study-
ing any new fossil, whether it is purchased from a private col-
lector or comes from a museum collection.
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The extinct echinoderm clade Stylophora consists of some of the strangest known deuterostomes.
Stylophorans are known from complete, fully articulated skeletal remains from the middle Cambrian to
the Pennsylvanian, but remain difficult to interpret. Their bizarre morphology, with a single appendage
extending from a main body, has spawned vigorous debate over the phylogenetic significance of
stylophorans, which were long considered modified but bona fide echinoderms with a feeding

geywords: appendage. More recent interpretation of this appendage as a posterior “tail-like” structure has literally
E:};‘if;gztr?:;es turned the animal back to front, leading to consideration of stylophorans as ancestral chordates, or as

hemichordate-like, early echinoderms. Until now, the data feeding the debate have been restricted to
evaluations of skeletal anatomy. Here, we apply novel elemental mapping technologies to describe, for
the first time, soft tissue traces in stylophorans in conjunction with skeletal molds. The single
stylophoran appendage contains a longitudinal canal with perpendicular, elongate extensions projecting
beyond hinged biserial plates. This pattern of soft tissues compares most favorably with the hydrocoel,
including a water vascular canal and tube feet found in all typical echinoderms. Presence of both calcite
stereom and now, an apparent water vascular system, supports echinoderm and not hemichordate-like
affinities.

Fezouata Lagerstdtte
Tremadocian
Morocco

Phylogeny

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Phylogenetic relationships among the main clades of deute-
rostomes (Swalla and Smith, 2008; Erwin et al., 2011; David and
Mooi, 2014) and in particular, the earliest chordates (including the
vertebrates) (Jefferies, 1986; Holland et al., 2015; Janvier, 2015)
represent long-debated issues. In recent years, however, the
combination of molecular, embryological, and anatomical data has
made it possible to establish a robust phylogeny for extant

* Corresponding editor: Gilles Escarguel.
* Corresponding author.
E-mail address: bertrand.lefebvre@univ-lyon1.fr (B. Lefebvre).

https://doi.org/10.1016/j.geobios.2018.11.001
0016-6995/© 2018 Elsevier Masson SAS. All rights reserved.

deuterostomes. With the Hemichordata (acorn worms), the
echinoderms (sea lilies, starfish, sea urchins, and related forms)
are now considered to belong to a clade, the Ambulacraria, as the
sister-group of chordates (cephalochordates, tunicates and verte-
brates) (Bottjer et al., 2006; Swalla and Smith, 2008; David and
Mooi, 2014; Holland et al., 2015; Janvier, 2015; Lowe et al., 2015).
This phylogenetic scenario provides insights not only into the
distinctive morphological features (apomorphies) acquired within
each clade of deuterostomes, but also into the primitive characters
(plesiomorphies) inherited from their common ancestors (Bottjer
et al., 2006; Swalla and Smith, 2008; David and Mooi, 2014; Lowe
et al., 2015). For example, the occurrence of gill slits in both extant
hemichordates and chordates strongly supports the view that
these structures were very likely present in earliest deuterostomes
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(Smith, 2005; Bottjer et al., 2006; Swalla and Smith, 2008; Lowe
et al., 2015). Their absence in echinoderms is most parsimoniously
regarded as a secondary loss during the course of echinoderm
evolution (Smith, 2005; Bottjer et al.,, 2006; Swalla and Smith,
2008; Zamora and Rahman, 2014), or perhaps at the origin of the
phylum itself (Mooi and David, 1998, 2008).

Integrating fossil data into the phylogeny of deuterostomes
offers the opportunity to document the sequential acquisition of
key characters through time and to provide minimum ages for
lineage divergences. The interpretation of the earliest known
deuterostomes (Cambro-Ordovician, 541-443 Myr; Shu et al,,
2001, 2004; Caron et al., 2010, 2013) is particularly challenging
because their morphologies are often bizarrely unlike those of
modern forms, with unexpected combinations of anatomical
features. Along with cambroernids (Caron et al., 2010), conodonts
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(Briggs, 1992), vetulicolians (Shu et al., 2001) and vetulicystids
(Shu et al., 2004), stylophorans belong to the bestiary of extinct,
enigmatic early deuterostomes.

Stylophorans (cornutes and mitrates), a group of unusual
middle Cambrian-Pennsylvanian (509-300 Myr) fossils, are small
(typically one or two centimeters in length), bipartite organisms
consisting of a single, articulated appendage inserted into a
flattened, asymmetric to bilaterally symmetric body made of a
multiplated internal skeleton, or test (Ubaghs, 1968; Clausen and
Smith, 2005; Smith, 2005; David et al., 2000; Dominguez et al.,
2002; Lefebvre, 2003; Fig. 1(A, D)). The appendage comprises two
distinct parts: a highly flexible proximal region (partially inserted
into the test) of telescopic, imbricate rings, and a relatively stiff
distal region consisting of opposing, delicate biserial platelets
mounted on massive, uniserial elements (ossicles). The two
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distal appendage
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Fig. 1. The two current interpretations (H1 and H2) of stylophoran morphology and their implications for soft tissue anatomy, based on the cornute Phyllocystis blayaci (Lower
Ordovician, France). A-C. H1, stylophorans as typical echinoderms with a single feeding arm. D-F. H2, stylophorans as pre-radial echinoderms with a hemichordate-like stalk.
A, D. Basic anatomical features deduced from skeletal morphology. B, E. Reconstructions of soft tissue anatomy along a longitudinal section of the stylophoran appendage. C,
F. Three-dimensional reconstructions of the soft tissue anatomy in the distal part of the stylophoran appendage.
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platelet biseries form a roof over a longitudinal median groove
running along the upper surfaces of the ossicles. Some inter-
pretations suggest that the biserial platelets are fixed (Fig. 1(F)),
whereas others show them as hinged, movable elements, much
like cover plates in modern sea lilies and their kin (crinoids)
(Fig. 1(C)). Inlife, the test likely contained the viscera; in some taxa,
it bears a series of pores interpreted either as respiratory (Ubaghs,
1968; David et al., 2000; Lefebvre, 2003) or pharyngeal structures
(Jefferies, 1986; Dominguez et al., 2002; Shu et al., 2004; Clausen
and Smith, 2005; Smith, 2005; Bottjer et al., 2006) (Fig. 1(A, C)).
Both the appendage and the test consist of numerous calcitic
skeletal elements (called stereom) possessing the same micro-
structure found in all echinoderms (Ubaghs, 1968; Jefferies, 1986;
David et al., 2000; Dominguez et al., 2002; Lefebvre, 2003; Clausen
and Smith, 2005; Smith, 2005; Bottjer et al., 2006; Zamora and
Rahman, 2014).

The phylogenetic position of stylophorans within deuterosto-
mes has been a contentious matter for decades. In the early 1960s,
the stylophoran appendage was interpreted as a feeding arm,
comparable in morphology to the feeding structures of various
extant echinoderms (Ubaghs, 1968; David et al., 2000; Lefebvre,
2003). In this hypothesis, stylophorans are considered bona fide
echinoderms, with their appendage bearing a single ambulacral
ray of the water vascular system (Figs. 1(A-C), 2). In the late 1960s,
the stylophoran appendage was reinterpreted as a chordate-like
tail, containing a notochord and serially arranged muscle blocks
(Jefferies, 1986; Dominguez et al., 2002). Thereby, stylophorans
were designated calcichordates, ancestral members of all three
modern chordate lineages. This interpretation implies that the
stereom skeleton of extant echinoderms was an apomorphy of all
deuterostomes and therefore secondarily and independently lost
in all lineages with the exception of echinoderms. Most recently,
the stylophoran appendage has been interpreted as a muscular,
hemichordate-like stalk (Shu et al., 2004; Clausen and Smith, 2005;
Smith, 2005; Bottjer et al., 2006; Swalla and Smith, 2008; Caron
et al., 2010) (Figs. 1(D-F), 2). In this interpretation, stylophorans
remained echinoderms (because of the presence of the distinctive
stereom), but are among the earliest members of the phylum,
because they retain plesiomorphic features lost in all more derived
taxa (e.g., locomotory stalk), and lack apomorphies present in more
derived taxa (e.g., water vascular system).
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Hemichordata

feeding arms

radial symmetry

WVS

stereom

stylophorans within
derived, arm-bearing
echinoderms

H1

Two basic assumptions of the calcichordate interpretation have
previously been falsified. First, the purported sister-group rela-
tionship between echinoderms and chordates was not confirmed
by molecular phylogenetics, which indicated that echinoderms are
more closely related to hemichordates than they are to chordates
(Bottjer et al., 2006; Swalla and Smith, 2008; Erwin et al., 2011;
Lowe et al., 2015). Second, available evidence supports the view
that stereom is an echinoderm synapomorphy that first appeared
in the early Cambrian (Bottjer et al., 2006; Kouchinsky et al., 2012;
Zamora and Rahman, 2014). The last two remaining, current
hypotheses both agree that stylophorans are echinoderms (Fig. 2),
but differ markedly in the interpretation of their appendage:
feeding arm constructed like a typical echinoderm ray [H1] versus
tail constructed like a hemichordate-like stalk [H2].

Here we report the first evidence for soft part preservation in
stylophorans. These data make it possible to test, for the first time,
soft anatomies predicted by H1 and H2 (Fig. 2). On the one hand,
the feeding arm hypothesis (H1) requires that:

¢ the longitudinal median groove contained a water vascular
canal, with lateral tube feet;

o biserial platelets are cover plates that opened to expose the tube
feet;

o the mouth was located at the proximal end of the food groove;

o the fore-gut (esophagus) was located within the proximal rings.

On the other hand, the locomotory stalk scenario (H2) implies
that:

o the longitudinal median groove contained a peduncular nerve;
e biserial platelets are integrated, contiguous body wall elements
sutured to each other so as to enclose a coelom.

2. Material and methods

All figured specimens are housed in the collections of Cadi-
Ayyad University (Faculté des Sciences et Techniques, Guéliz),
Marrakesh, Morocco. Locality details are indicated on specimen
labels, and can be provided on request. Specimens were prepared

Anterior

Hemichordata

loss of tail
radial symmetry
WVS

stereom

H2

stylophorans as basal,
pre-radial echinoderms

Fig. 2. The two current interpretations of stylophoran phylogenetic position within ambulacrarian deuterostomes: H1, stylophorans as typical echinoderms with a single
feeding arm, and H2, stylophorans as pre-radial echinoderms with a hemichordate-like stalk. Abbreviation: wvs: water vascular system.
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with scalpels and needles under high magnification using a Zeiss
SteREO Discovery.V8 stereomicrocope. Interpretative drawings
were made using a camera lucida attached to the same
stereomicroscope, and photographs were made with a Zeiss
AxioCam MRc5 digital camera also mounted on the same
stereomicroscope. Digital photographs were processed in Adobe
Photoshop Elements 9. Composite images have been stitched
together using Adobe Photoshop Elements 9. Elemental composi-
tion was analysed in a FEI Quanta 250 scanning electron
microscope (SEM) equipped with an energy X-ray analyser
(EDX) at the CTw (Centre Technologique des Microstructures,
plateforme de I'Université Claude-Bernard Lyon 1).

3. Results

Stylophorans with soft parts were collected in the Lower
Ordovician Fezouata Konservat-Lagerstdtte, in a small excavation
along the western flank of Bou Izargane hill, ca. 18 km north of
Zagora (central Anti-Atlas, Morocco; Fig. 3). Here, the Fezouata
Shale corresponds to a 1000 m-thick, repetitive succession of
argillaceous siltstones, unconformable over the middle Cambrian
sandstones of the Tabanite Group (Destombes et al., 1985; Martin
et al., 2016). The excavation is ca. 270 m above the base of the
Ordovician series and within the lower stratigraphic interval (ca.
80 m thick) yielding soft-bodied faunas typical of the Fezouata
Biota (Vinther et al., 2008, 2017; Van Roy et al., 2010, 2015; Van
Roy and Briggs, 2011; Lefebvre et al., 2016; Martin et al., 2016)
(Fig. 3). Nearby graptolites indicate a late Tremadocian age
(A. murrayi Zone; Gutiérrez-Marco and Martin, 2016; Lefebvre
et al,, 2016, 2018; Martin et al., 2016).

All specimens were collected from a single, small, 3 cm-thick
lens of dark blue mudstones. Three fossiliferous intervals occur
within the lens:

e a lower layer with many densely packed, complete, and fully
articulated marrellomorphs (Furca sp.; Fig. 4(A));

e an intermediate horizon with a low-diversity assemblage of
trilobites (Anacheirurus sp., Bavarilla sp.) with soft parts (Fig. 4(B,
o)

e an upper, low-diversity assemblage comprising almost
exclusively cornute stylophorans (more than 300 specimens

belonging to two taxa, namely Hanusia nov. sp. and Thoralicystis
nov. sp.; Figs. 5-8).

Deposition is interpreted as rapid burial of autochthonous
communities by distal storm deposits in relatively shallow
environmental conditions (Martin et al.,, 2016; Vaucher et al,,
2016). In this level, arthropods and echinoderms are typically
preserved as faint, flattened impressions on the dark rock. As in the
Burgess Shale, echinoderm skeletons are indicated as impressions
without preservation of actual stereom. In contrast, their soft
tissues appear as colorful structures, resulting from the oxidation
of original pyrite into yellow, red to purple iron oxide pseudo-
morphs (Figs. 5(A), 6(A), 7(A), 8(A, C)). This type of preservation is
not unique to the Bou Izargane cornutes (Vinther et al., 2008, 2017;
Van Roy et al, 2010, 2015; Lefebvre et al., 2016). Similarly
preserved soft parts (e.g., guts) have been described in arthropods
(Gutiérrez-Marco et al., 2017), hyolithids (Marti Mus, 2016), and
machaeridian annelids (Vinther et al., 2008) occurring in the same
stratigraphic interval of the Fezouata Shale. In the cornutes, the
identification and precise distribution of Fe-rich soft tissues were
obtained by chemical analyses and elemental mapping under SEM
(Figs. 5(B, E), 6).

At least one specimen of Thoralicystis nov. sp. shows clear
evidence of soft-bodied structures in the distal part of its
appendage (Figs. 5,6). Preserved soft tissues consist of:

e two superimposed longitudinal canals housed in the continuous,
median groove on the upper surface of ossicles, and extending
from the stylocone cavity (proximally) to the distal end of the
appendage;

e numerous small, lateral tube-like extensions branching regular-
ly from the external longitudinal canal and protruding outward
from between widely open, hinged plates.

Several specimens of Thoralicystis nov. sp. and Hanusia nov.
sp. exhibit strong evidence of soft tissues preserved within
the proximal part of their appendage (Figs. 7,8). All these
specimens display a spindle-shaped, elongate cavity extending
throughout the proximal rings of the appendage from the
stylocone cavity (distally), to the main body cavity (proximally).
All these soft-bodied structures are described for the first time in
stylophorans.

Shallowing trend

Deepening trend

_ Bou lzargane

Silty argiliites
Micaceous argillites
Compactedfindurated argillites
[ = Thinly bedded argillites

—  mm- to cm-thick silty/sandy layers

Fig. 3. Geographic and geologic context of Bou Izargane locality. On the maps (left), Ordovician outcrops in northwestern Africa and in the Zagora area are indicated in green.
The red star shows the location of Bou Izargane hill. On the right, partial stratigraphic column of the Fezouata Shale, showing the position of the Bou Izargane excavation. The
left column indicates sea level changes. Numbers along the column indicate the height (in m) above the Cambrian/Ordovician boundary. The colors used in the log correspond

to those of outcropping rocks.

71



B. Lefebvre et al./Geobios 52 (2019) 27-36 31

L

Fig. 4. Arthropods with soft tissue preservation collected in the same lens as cornute stylophorans with soft parts; late Tremadocian (Lower Ordovician), Bou Izargane, Zagora
area (Morocco). A. Two associated specimens of the marrellomorph Furca sp. (AA.BIZ15.01.364). B, C. Two specimens of the trilobite Bavarilla zemmourensis. B. Arrows indicate
four locomotory appendages below the thorax (AA.BIZ15.01.181). C. The arrow shows one frontal appendage at the anterior extremity of the cephalon (AA.BIZ15.01.16). Scale

bars: 5 mm (A, C), 2 mm (B).

4. Discussion
4.1. The stylophoran appendage is a feeding arm

On the basis of this new evidence, it is possible to evaluate
critically the two current interpretations of the stylophoran
appendage (Figs. 1,2). In the stalk model (H2), the outermost
of the two longitudinal canals could be interpreted as the
peduncular nerve housed in a fully enclosed body cavity, or
coelom. However, H2 must be rejected because of the presence of
open plates that precludes such a coelom, and the presence of
lateral extensions that branch regularly from the external
longitudinal canal and protrude externally in between the open
plates. This organization is incompatible with that of a stalk- or
tail-like structure, but fits requisites of the feeding arm model (H1).

The evidence strongly supports H1, in which the external
longitudinal canal is interpreted as an ambulacral canal of the
water vascular system, and the lateral, tube-like structures as
ambulacral tube feet (Figs. 5, 6, 9), the morphology of which is
strikingly similar to that of exceptionally preserved tube feet
described from Paleozoic arm-bearing forms (Glass and Blake,
2004; Sutton et al., 2005; Glass, 2006; Clark et al., 2017). As a
consequence, the mouth of stylophorans is most parsimoniously
located at the proximal end of this ambulacral groove (Fig. 5(C)),
the spindle-shaped cavity extending from the mouth (distally) and
connected to the main body cavity (proximally) representing the
anterior part of the gut (Figs. 5, 7, 8). Comparison with the situation
in the arms and pinnules of modern crinoids suggests that the
longitudinal canal internal to the space above the water vascular
system is a coelomic canal (Figs. 5,6). There is no evidence that
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biserial platelets

mouth

main body cavity

pr. rings
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ambulacral canal
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Fig. 5. Thoralicystis nov. sp. from the Fezouata Shale, Lower Ordovician, Morocco (AA.BIZ15.01.259). A-C. Complete specimen in lateral view. A. Composite photographic
reconstruction. B. Composite SEM elemental map of Fe. C. Composite reconstruction of soft part anatomy based on camera lucida drawings, SEM elemental maps (Fe) and
back-scattered electron micrographs. D-F. Magnified views of parts of the distal appendage outlined in pictures A-C. D. Back-scattered electron micrograph. The arrows
indicate the position of tube feet. E. SEM elemental map showing the distribution of Fe. F. Reconstruction of the soft parts based on camera lucida drawings, SEM elemental
maps (Fe) and back-scattered electron micrographs. Abbreviations: pr. cavity: proximal cavity; pr. rings: proximal rings; styl.: stylocone; wvs: water vascular system. Scale

bars: 5 mm (A-C), 1 mm (D-F).

what are interpreted here as tube feet represent some sort of
musculature, because they project as freestanding structures
extending from the longitudinal canal, and protrude outside of the
body wall into the external medium.

Labyrinthic meshwork has been described in the proximal
cavity of the stylocone (large, cone-shaped, uniserial ossicle
located at the proximal end of the distal part of the appendage)
of the primitive stylophoran Ceratocystis (middle Cambrian;
Clausen and Smith, 2005). Similar observations in extant

echinoderms suggest that this labyrinthic microstructure was
associated with muscle insertion, implying that the stylocone
cavity once housed musculature with functionality similar to that
in hemichordates. However, living echinoderms express muscles
as well, so this trait is compatible with both H1 (Figs. 1(B), 2) and
H2 (Figs. 1(E), 2), and cannot be used to provide evidence for or
against either.

Finally, the putative locomotory function of the stylophoran
appendage has been frequently considered as incompatible with
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Fig. 6. Soft tissue preservation in the distal appendage of the cornute stylophoran
Thoralicystis nov. sp. (AA.BIZ15.01.259); late Tremadocian (Lower Ordovician), Bou
Izargane, Zagora area (Morocco). A. Photographic view of the magnified area.
B. Back-scattered electron micrograph showing the water vascular system
(ambulacral canal, tube feet) and the second, more internal, longitudinal canal.
Skeletal elements (biserial platelets, ossicles) are not visible. C-J. SEM elemental
maps of Al (C), C (D), Fe (E), K (F), Mg (G), Na (H), O (I), and Si (J). Scale bars: 1 mm.

its interpretation as a feeding arm and the presence of a water
vascular canal (Rahman et al., 2009; Rozhnov and Parsley, 2017).
As this is the case in many extant arm-bearing echinoderms (e.g.,
asteroids, ophiuroids, comatulids), it is very likely that stylopho-
rans used their appendage not only for nutrition, but also
locomotion (Lefebvre, 2003).

4.2. Implications for echinoderm phylogeny

Preserved soft tissues in cornutes from the Lower Ordovician
Fezouata Shale provide strong evidence suggesting the existence of
ambulacral structures in the stylophoran appendage. The evidence
supports the view that this extinct group of ambulacrarians
possessed at least two of the major apomorphies supporting
recognition of the phylum Echinodermata:

¢ a multi-element endoskeleton made of calcitic plates displaying
the typical, three-dimensional stereomic microstructure;
e a water vascular system.

However, the precise phylogenetic position of stylophorans
within echinoderms remains so far unresolved because they do not
display any evidence of the radial, five-fold symmetry generally
considered a synapomorphy of the phylum (Shu et al., 2004; Smith,
2005; Bottjer et al., 2006; Swalla and Smith, 2008; Zamora and
Rahman, 2014). Provided this absence is original, stylophorans
would then represent a relatively early branch of pre-radial
echinoderms (Ubaghs, 1968, 1975; Shu et al., 2004; Smith, 2005;
Bottjer et al., 2006; Swalla and Smith, 2008; Zamora and Rahman,
2014). Such an interpretation requires that anatomically similar,
arm-like feeding structures were acquired independently in
stylophorans in the middle Cambrian, and again, in later forms
such as asteroids and crinoids, in the Early Ordovician (Ubaghs,
1968, 1975).

Alternatively, the late appearance of stylophorans in the fossil
record 10-12 myr after radial taxa (e.g., eocrinoids, helicoplacoids,
and edrioasteroid-like forms such as stromatocystitoids; Kou-
chinsky et al.,, 2012; Zamora et al., 2013) and their unusual,
flattened morphology more parsimoniously suggest that stylo-
phorans are relatively derived echinoderms descended from
pentaradial ancestors (David et al., 2000). This interpretation is
supported by embryological data, which provide no evidence
suggesting that 5-part radial symmetry is preceded by stages with
fewer rays (Mooi and David, 2008). In this context, the possession
of arm-like ambulacral structures containing coelomic extensions
other than the hydrocoel could represent an apomorphy uniting
stylophorans with forms such as crinoids (David et al., 2000;
Lefebvre, 2003).

4.3. Implications for early deuterostome phylogeny

The exceptionally preserved Early Ordovician cornute speci-
mens from Morocco bring major new evidence to consider. That
evidence actually reverses the anterior-posterior axis suggested by
some very recent interpretations seeking to revive a modified
version of the calcichordate interpretation (Shu et al., 2001, 2004;
Clausen and Smith, 2005; Smith, 2005; Bottjer et al., 2006; Swalla
and Smith, 2008; Zamora and Rahman, 2014). Since the early
2000s, molecular phylogenies have strongly supported an ambu-
lacrarian clade that unites hemichordates and echinoderms as
sister-group to the chordates (Bottjer et al., 2006; Swalla and
Smith, 2008; David and Mooi, 2014; Holland et al., 2015; Janvier,
2015; Lowe et al., 2015). As a consequence of this phylogenetic
framework, several authors reinterpreted stylophorans as early
members of the Echinodermata, morphologically extremely close
to the last common ancestor of both hemichordates and
echinoderms (Shu et al., 2001, 2004; Clausen and Smith, 2005;
Smith, 2005; Bottjer et al., 2006; Swalla and Smith, 2008). In this
interpretation, stylophorans would possess a single echinoderm
apomorphy: the calcite, stereom skeleton. They would not yet have
acquired two other significant echinoderm apomorphies: the
water vascular system and the radial, five-fold symmetry (Fig. 2:
H2).
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main body cavity

proximal rings
bis. platelets

proximal cavity

Fig. 7. Soft tissue preservation in the test and proximal appendage of the cornute stylophoran Hanusia nov. sp. (AA.BIZ15.01.110); late Tremadocian (Lower Ordovician), Bou
Izargane, Zagora area (Morocco). A. Composite photographic reconstruction of the specimen in lateral view. B. Composite reconstruction based on back-scattered electron
micrographs. C. Reconstruction of the soft parts based on camera lucida drawings and back-scattered electron micrographs. Abbreviation: bis. platelets: biserial platelets.

Scale bars: 5 mm.

In a surprising parallel to the calcichordate hypothesis,
stylophorans would share with other (early) ambulacrarians and
deuterostomes:

e a bipartite body organization, with a head and a muscular,
locomotory tail (or stalk);

o the presence (plesiomorphic retention) of gill slits (Shu et al.,
2001, 2004; Conway Morris, 2003; Clausen and Smith, 2005;
Smith, 2005; Bottjer et al., 2006; Swalla and Smith, 2008; Caron
et al., 2010; Conway Morris and Caron, 2012; Zamora and
Rahman, 2014; Conway Morris et al., 2015).

As a consequence, this interpretation of stylophorans as
hemichordate-like early echinoderms with a bipartite organization
(anterior head and posterior tail-like appendage) has in the last
15 years caused many comparisons of early deuterostomes to
stylophorans - i.e., Herpetogaster and cambroernids (Caron et al.,
2010), Pikaia and other putative early chordates (Donoghue et al.,
2003; Gee, 2006; Conway Morris and Caron, 2012), vetulicolians
(Shu et al., 2001; Conway Morris, 2003; Vinther et al., 2011; Ou
et al., 2012), and vetulicystids (Shu et al., 2004; Conway Morris
et al., 2015).

Our study demonstrates that:

o stylophorans had a water vascular system;
o their appendage was not a locomotory muscular tail.

By bringing new, unequivocal evidence that the stylophoran
appendage is an echinoderm feeding arm (comparable in
morphology to a crinoid feeding arm) and not a hemichordate-
like tail (or stalk), our discovery shows that the interpretation of
these fossils as early echinoderms retaining features of basal
ambulacrarians and/or hemichordates can be definitively rejected.
In fact, any suggestion that stylophorans can tell us something
about common ancestry of echinoderms with other deuterostomes
is seriously compromised by the solid evidence that such
conclusions rely on a reconstruction that has the animal the
wrong way around. The bipartite body organization of stylopho-
rans (theca and feeding arm) is not homologous to the bipartite
body organization of Herpetogaster, vetulicolians, vetulicystids,
early chordates and/or hemichordates (head and post-anal tail).
Whatever the precise phylogenetic position of stylophorans within
the Echinodermata, the significance of the Fezouata fossils lies in
the picture they give of the remarkable diversity within the
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Fig. 8. Soft tissue preservation in the proximal appendage of the cornute stylophoran Hanusia nov. sp. (AA.BIZ15.01.80); late Tremadocian (Lower Ordovician), Bou Izargane,
Zagora area (Morocco). A. Specimen in upper view. B. Reconstruction of A, based on camera lucida drawings. C. Closer view of the proximal region of the appendage outlined in
A (red rectangle). D. Reconstruction of C, based on camera lucida drawings. Abbreviations: pr. cavity: proximal cavity; pr. rings: proximal rings. Scale bars: 1 mm.

Fig. 9. Reconstruction of the cornute stylophoran Thoralicystis nov. sp., late Tremadocian (Lower Ordovician), Zagora area (Morocco), with the tube feet protruding beyond the
cover plates. The appendage is about 20 mm long.
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phylum throughout its evolution, and not of the supposed origins
of the phylum itself.
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8. TAPHONOMIC BIAS IN THE FEZOUATA SHALE

This chapter consists of one paper:

e Paper 8: Saleh, F., Antcliffe, J.B., Lefebvre, B., Pittet, B., Laibl, L., Peris, F.P., Lustri, L.,
Gueriau, P. and Daley, A.C., 2020. Taphonomic bias in exceptionally preserved biotas.
Earth and Planetary Science Letters, 529, p.115873.

The main part of our understanding of ecology in past ecosystems is achieved through detailed
comparisons of different deposits bearing soft-tissue preservation. Prior to these comparisons,
taphonomic biases altering snapshots of early animal life must be accounted for”. Even if the
general conditions for exceptional preservation are the same (e.g. fine-grained sediment, burial
by obrution events, reduced bacterial activity)!>34>38) some discrepancies may exist between
sites. Therefore, the most relevant way to compare taphonomic biases between exceptionally
preserved sites is by investigating the occurrence of biological structures in these deposits
because all animals are formed by the same type of structures’. In this chapter, biological
structures were divided into five categories (A, B, C, D, and E). A is for biomineralized
structures (e.g. shell of a brachiopod). B is for sclerotized parts (i.e. formed of sclerites such as
the headshield of arthropods). C represents the cuticle formed of polysaccharides defining, for
instance, the body of annelid worms, priapulids, and some arthropods. D is for cellular
structures, tissues sensu stricto, in direct contact with seawater such as the tentacles of hyoliths
or the body walls of chordates. E is for internal systems and organs such as the digestive and
nervous tissues. Based on an innovative statistical approach, we compared the preservation
between the Fezouata Shale, the Burgess Shale, and the Chengjiang Biota. We evidenced that
tissue association in the Fezouata Shale is significantly different from the Burgess Shale and
the Chengjinag Biota’. The Fezouata Shale systematically failed to preserve soft cellular
structures that are in direct contact with seawater in addition to completely cellular organisms
(D category)”. This can be explained by the fact that fossils from the Fezouata biota were dead
and decaying on the seafloor prior to their burial’>. Under decay activity, cellular structures
degrade faster than the cuticle and evidently much easier than sclerites and minerals®'. These
results suggest an actual underestimation for the Fezouata biota at the transition between the
Cambrian Explosion and the Ordovician Radiation pointing to a continuum between both
evolutionary events (Fig. 6)7.
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Figure 6. Exceptionally preserved biotas during the Cambrian and Ordovician. Note than the Fezouata Shale
does not preserve completely cellular organisms such as cambroernids and cephalochordates underestimating
biodiversity at the transition between the Cambrian Explosion (CE) and the Ordovician Radiation (OR).
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Exceptionally preserved fossil biotas provide crucial data on early animal evolution. Fossil anatomy allows
for reconstruction of the animal stem lineages, informing the stepwise process of crown group character
acquisition. However, a confounding factor to these evolutionary analyses is information loss during
fossil formation. Here we identify that the Ordovician Fezouata Shale has a clear taphonomic difference
when compared to the Cambrian Burgess Shale and Chengjiang Biota. In the Fezouata Shale, soft cellular
structures are most commonly associated with partially mineralized and sclerotized tissues, which may
be protecting the soft tissue. Also, entirely soft non-cuticularized organisms are absent from the Fezouata
Shale. Conversely, the Cambrian sites commonly preserve entirely soft cellular bodies and a higher
diversity of tissue types per genus. The Burgess and Chengjiang biotas are remarkably similar, preserving
near identical proportions of average tissue types per genus. However, the Burgess shale has almost
double the proportion of genera that are entirely soft as compared to the Chengjiang Biota, indicating
that the classic Burgess Shale was the acme for soft tissue preservation. Constraining these biases aids
the differentiation of evolutionary and taphonomic absences, which is vital to incorporating anatomical

data into a coherent framework of character acquisition during the earliest evolution of animals.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Exceptionally preserved biotas have revolutionized our under-
standing of animal origins and evolution owing to the preserva-
tion in these deposits of soft-bodied and lightly sclerotized organ-
isms, which under normal circumstances have little to no fossiliza-
tion potential (Butterfield, 1995). Burgess Shale-type (BST) preser-
vation deposits including the Burgess Shale (Wuliuan, Miaolin-
gian; ~505 Ma, Canada) and the Chengjiang Biota (Stage 3, Cam-
brian Series 2; ~530 Ma, China) are particularly famous Lagerstdit-
ten, yielding hundreds of exceptionally preserved Cambrian taxa
(Fig. 1a-c) critical to our understanding of the earliest metazoan-
dominated communities and evolutionary events such as the Cam-
brian Explosion (Daley et al., 2018). The youngest of these de-
posits, the Fezouata Shale, is the only Ordovician (Tremadocian;
~479-478 Ma, Morocco) Lagerstdtte to yield a diverse exception-
ally preserved fauna (Fig. 1d-f). With over 185 taxa of marine
invertebrates (Van Roy et al., 2015a) recovered from specific in-

* Corresponding authors.
E-mail address: farid.saleh@univ-lyon1.fr (F. Saleh).

https://doi.org/10.1016/j.epsl.2019.115873
0012-821X/© 2019 Elsevier B.V. All rights reserved.

tervals in the Zagora area (Lefebvre et al, 2018; Saleh et al.,
2018, 2019), this formation offers new insights into the diversi-
fication of metazoans, at a key interval between the Cambrian
Explosion and the Ordovician Radiation (Van Roy et al, 2010,
2015b; Lefebvre et al., 2019). Despite being anatomically and bi-
ologically informative, even these spectacular fossil localities in-
evitably have taphonomic biases, because no fossil site can ever be
a perfect replication of all the anatomical and ecological informa-
tion of a living community (Butterfield, 2003; Brasier et al., 2010;
Landing et al., 2018). Gathering “complete” data is impossible even
in studies on modern living communities. It is therefore essential
to understand what factors may be affecting the fossil preserva-
tion at a community level in order to properly reconstruct ancient
ecosystems and biodiversity fluctuations over geological time.

The aim of this study is to examine the taphonomic signal of
these deposits, allowing a solid understanding of the preserva-
tion bias at play in each locality. For this reason, a taphonomic
classification of all eumetazoan genera from the Fezouata Shale
(N = 178) was established, and compared with the preservation
of genera from the Burgess Shale (N = 103) and the Chengjiang
Biota (N = 133) based on the presence/absence of different types
of anatomical structures: (A) biomineralized skeletons, (B) sclero-
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fIA: Biomineralized  B: Sclerotized  C: Cuticularized  D: Outer cellular tissues  E: Internal cellular tissues |

Fig. 1. Fossils from the three studied exceptionally preserved biotas showing examples of tissue associations. (a) Burgess Shale Eldonia USNM57540b preserving soft cellular
body walls and internal organs (i.e. DE). (b) Branchiocaris pretiosa from the Burgess Shale USNM189028nc showing the association of sclerotized and cuticularized parts
in addition to internal organs (BCE). (c) Anomalocaris saron ELRC20001a from the Chengjiang Biota belonging as well to the BCE category. (d) Marrellid arthropod from
the Fezouata Shale AA.BIZ31.01.39 preserving both sclerotized and cuticularized structures (BC). (e) Fezouata Shale stylophoran echinoderm AA.BIZ.15.01.259 showing the
association of biominerals and internal organs (AE). (f) Solutan echinoderm from the Fezouata Shale CASG72938 belonging also to the AE category.

tized parts (i.e. possessing an organically strengthened part or or-
gan) (C) soft with an unsclerotized cuticle (i.e. a non-cellular outer
body surface that is either collagenous or formed by polymerized
polysaccharides), (D) soft cellular outer layer defining at least a
part of the body (e.g. tentacles of hyoliths), and (E) soft internal
cellular organ/tissue (e.g. digestive or nervous systems) (Fig. 1).

2. Material and methods

In order to define the preservation pattern in all three excep-
tionally preserved biotas, the various possible co-occurrences of
characters A (biomineralized), B (sclerotized), C (unsclerotized, cu-
ticularized), D (cellular body walls), and E (internal tissues) were
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Table 1
Number of genera in different categories in all exceptionally preserved biotas.
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Fig. 2. Differences in proportions of genera (Y axis) between single, paired, triple
and quadruple character categories (marked as 1, 2, 3, and 4 on the X axis) between
the Fezouata Shale, the Burgess Shale and the Chengjiang Biota. The Fezouata Shale
shows a dominance of genera preserving only one tissue when compared to the
Burgess Shale and Chengjiang Biota.

tallied (e.g. AB, AC, CDE, and ABCDE) (Table 1). To avoid any over-
lap between categories, the data were analyzed on a five-fold Venn
diagram per site. In order to see if there is any difference between
sites, the total number of genera having just one character regard-
less of its nature (e.g. A, or B, or C, or D, or E) was plotted against
the number of genera that have pairs (e.g. AB), threes (e.g. ABC) or
fours (e.g. ABCD) for all exceptionally preserved biotas (Fig. 2). Af-
terward, the average number of tissue types per genus, as derived
from the dataset, was calculated by adding the probability of the
occurrence of all classes of structures A, B, C, D, and E (Table 2). In
order to constrain the categories causing the biggest variations in

Table 2

Proportion of each type of tissue in all categories combined in the Fezouata Shale,
the Burgess Shale and the Chengjiang Biota. The probability of preserving cuticu-
larized and cellular tissues, in addition to the number of tissue per genus in the
Fezouata Shale are lower than in the Chengjiang Biota and the Burgess Shale.

Fezouata Shale Burgess Shale Chengjiang Biota

N(total) =173 N(total) =101 N(total) =133
A N(A) =112 N(A)=36 N(A) =36

p(A) = 0.647 p(A)=0.356 p(A)=0.270
B N(B) =67 N(B) =55 N(B)=75

p(B)=0.387 p(B) = 0.544 p(B)=0.563
C N(C)=21 N(C)=53 N(C) =84

p(C)=0.121 p(C)=0.524 p(C)=0.631
D N(D)=1 N(D)=19 N(D)=18

p(D) = 0.005 p(D)=10.188 p(D)=0.135
E N(E) =27 N(E) =60 N(E)=78

p(E)=0.156 p(E)=0.594 p(E) = 0.586
Total = tissue/genus 1316 2.206 2185

Table 3

Probabilities of finding internal soft tissues in a fossil given that another tissue
was found and vice versa. The obtained numbers for the Burgess Shale and the
Chengjiang Biota are more similar to each other than to the Fezouata Shale.

Fezouata Shale Burgess Shale Chengjiang Biota

p(EJA) 0.162 0.306 0.611
p(E|B) 0.239 0.607 0.507
p(E|C) 0.524 0.789 0.714
p(E|D) 0 0.842 0.556
P(A[E) 0.667 0.183 0.278
p(BIE) 0.593 0.567 0.481
p(CIE) 0.407 0.683 0.759
p(DIE) 0 0.267 0127

preservation between sites, plots were made to show the propor-
tion of paired and triple categories in localities (Fig. 3).

The association of soft internal organs (E) with other structures,
in all three localities was also investigated. For this, the proba-
bilities of discovering two classes of structures together having
already found one of them were calculated (Table 3). For exam-
ple, p(E|A) is the probability of E occurring if A has occurred.
The reverse conditional approach was also made and the proba-
bility of finding A given that E has been found p(A|E) was also
calculated (Table 3). Then, the likelihood of producing the distri-
bution of combinations of structures found in the Burgess Shale
and the Chengjiang Biota assuming that the Fezouata Shale has
the “true” preservation regime was investigated using the follow-
ing parametrized binomial P(x>n)|Bi(n, p):

!
P(X) — (n> pan—X — prqn—x
X (n—x)x!

In this equation, p = p(E|A) for the Fezouata Shale, q = 1-p, n is
the number of genera preserving an A in the Burgess Shale or the
Chengjinag Biota, and x is the number of desired success which is,
in this case, at least the actual number n of genera preserving both
A and E in the Burgess Shale/Chengjiang Biota. All calculated prob-
abilities are added up and the probability P(x>n)|Bi(n, p), of pro-
ducing the actual Burgess Shale/Chengjinag Biota AE category, con-
sidering that the Fezouata Shale regime is “true”, is then obtained
(Table 4). This was then performed for other tissues combinations
(i.e. BE, CE, and DE) (Table 4). This approach was then extended to
the assumption that the Burgess Shale preservation distribution is
“true” and finally assuming that the Chengjiang Biota preservation
distribution is the “true” preservation model (Table 5).

Finally, the probability of finding organisms with only soft cel-
lular tissues (both internal and external to the exclusion of every-
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Fig. 3. Pie charts showing the differences in triple and paired character categories between the Fezouata Shale, the Burgess Shale, and the Chengjiang Biota.

Table 4

Probabilities of reproducing patterns of preservation of the Burgess Shale and the Chengjiang
Biota assuming that the Fezouata Shale preservation regime is true. All probabilities are
smaller than 0.05 showing that the preservation regime in the Fezouata Shale is different
from both the Chengjiang Biota and the Burgess Shale.

Burgess Shale

Chengjiang Biota

p(EJA) P(X>11)|Bi(36, 0.162) = 0.0235
p(E|B) P(X>34)| Bi(56, 0.239)<0.000001
p(E|C) P(X>41)|Bi(52, 0.524) = 0.0000738
p(EID) 0

P(X>22)|Bi(36, 0.162)<0.000001
P(X>38)| Bi(75, 0.239)<0.000001
P(X>60)| Bi(84, 0.524) = 0.000291
0

Table 5

A: Probabilities of reproducing patterns of preservation of the Burgess Shale assuming that the Chengjiang
biota preservation regime is true. B: Probabilities of reproducing patterns of preservation of the Chengjiang
Biota assuming that the Burgess Shale preservation regime is true. Some tissue associations are not repro-
ducible in both models (i.e. marked as “No” in the “Pass” column), showing that the pattern of preservation
between the Burgess Shale and the Chengjiang Biota is not exactly the same.

A: Burgess given a Chengjiang B: Chengjiang given the Burgess Pass?
Biota model Shale model
p(E|A) P(X<11)|Bi(36, 0.611) = 0.000201 P(X>22)|Bi(36, 0.306) = 0.000149 No
p(E|B) P(X>34)|Bi(56, 0.507) = 0.0857 P(X<38)|Bi(75, 0.607) = 0.292 Yes
p(E|C) P(X>41)|Bi(52, 0.714) = 0.150 P(X<60)|Bi(84, 0.789) = 0.0649 Yes
p(E|D) P(X>16)|Bi(19, 0.556) = 0.00887 P(X<10)|Bi(18, 0.842) = 0.000758 No

thing else, with A’ for instance indicating the set that is defined as
not containing any members of A) p(A’NB’'NC'NDNE|E) for all three
Lagerstdtten was calculated.

3. Results

All three Lagerstdtten preserve numerous biomineralized skele-
tons (A), sclerotized parts (B), unsclerotized, soft cuticular parts
(C), and internal soft parts (E) (Table 1). However, genera hav-
ing cellular body walls defining the entire body (i.e. D, DE), with
or without internal organs (E) are absent in the Fezouata Shale.
In comparison the Chengjiang Biota (9 genera) and the Burgess

Shale (13 genera) have a considerable number of entirely soft
organisms preserved (Table 1). Further, numerous biomineralized
and sclerotized genera in the Burgess Shale and the Chengjiang
Biota preserve external soft tissues defining a part of the body
(i.e. AD, BD, BDE, ACDE) (Table 1). These genera are absent from
the Fezouata Shale, with the exception of two specimens of ac-
uliferan molluscs (both, however, densely covered by sclerites).
The Burgess Shale and the Chengjiang Biota preserve almost twice
as many tissues per genus as the Fezouata Shale (Fig. 2), with
the mean number of tissue types per genus in the Cambrian
sites being 2.2 (Burgess = 2.206; Chengjiang = 2.185) whilst it is
1.316 for the Fezouata Shale (Table 2). The overall distribution of
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tissue frequency by genus is similar for the Burgess Shale and
the Chengjiang Biota, with mean and variance suggesting they
are drawn from comparable if not identical populations (vari-
ance Burgess Shale = 0.026; Chengjiang Biota = 0.030; t = —0.45,
p(same mean) = 0.6532; F = 1.154, p(same variance) = 0.454).
However, the distribution for the Fezouata Shale is very differ-
ent (variance = 0.08034), with both t and F-tests reporting sig-
nificance for the mean and variance respectively when compared
to Burgess Shale (t = 29.53, p(same mean) = 1.035 x 10787; F =
3.0685, p(same variance) = 3.195 x 1079) and the Chengjiang Biota
(t = 32.34, p(same mean) = 3.414 x 10~191; F = 2.5591, p(same
variance) = 1.718 x 1078).

The three studied localities show a dominance of both BCE and
ACE categories (Fig. 3). This is at least partly linked to the high
number of arthropods found at all localities, with their external
anatomy often consisting of ventral unsclerotized cuticle (C) and
a reinforced dorsal area consisting of a biomineralized exoskeleton
(A) or sclerotized cuticle (B), found in conjunction with internal
soft parts (E). However, when the preservation of two tissue types
occurs in the Fezouata Shale, it consists mostly of the associa-
tion of biomineralized skeletons and internal soft tissues (AE is
9 of the 21 pairs that consist of the possible sets AB, AC, AD, AE,
BC, BD, BE, CD, CE, DE), sclerotized tissue and internal soft tissue
(7 of the 21 pairs), and biominerals and sclerotized tissue (3 of
21 pairs). All other tissue associations are rare or absent. In the
Burgess Shale, the dominant association is between cellular soft
bodied tissues and internal organs (13 of 36 pairs), with sclero-
tized and cuticularized tissues also commonly associated (7 of 36
pairs). In the Chengjiang Biota, the dominant association is be-
tween sclerotized and cuticularized tissues (16 of 57 pairs), with
additional common associations between cuticularized tissues and
internal organs (12 of 57 pairs), cellular soft bodied tissues and
internal organs (9 of 57 pairs), and biominerals and sclerotized tis-
sues (8 of 57 pairs) (Fig. 3). The probabilities of finding internal
soft tissues in a given fossil genus, in co-occurrence with any of
the other types of structures, show that the distribution of tissues
in the Burgess Shale and the Chengjiang Biota are much more sim-
ilar to each other (Table 3) and are significantly different from the
Fezouata Shale (Table 4). In the Fezouata Shale, only a small pro-
portion of all biomineralized genera also preserve internal organs
(p(EJA) = 0.162) (Table 3), but of the genera that do have internal
organs the majority are associated with biominerals ((A|E) = 0.667)
(Table 3). This means that although a biomineral does not guaran-
tee the preservation of internal anatomies, it could still be seen
as a very helpful pre-requisite in the Fezouata Shale. Conversely,
biominerals in paleoenvironments such as the Burgess Shale and
the Chengjiang Biota do not seem to have any role in soft tis-
sue preservation (p(A|E) = 0.183 and p(A|E) = 0.273 for the Burgess
Shale and the Chengjiang Biota respectively, which are not signifi-
cantly different to chance association (Table 3). The result of prob-
abilistic modelling (Table 4) shows that the distributions of tissue
associations found at the Fezouata Shale cannot be generated by
randomly sampling a biota with a similar composition to that of
either the Chengjiang Biota or the Burgess Shale, and in all possible
soft tissue combinations the Fezouata Shale is statistically signifi-
cantly different to both of the Cambrian biotas studied (Table 4).
Finally, it is worth noting that the absence of entirely soft bodied
organisms at the Fezouata Shale is not just a striking observation,
but it is also statistically significant from the proportions found at
the Cambrian sites. The absence of entirely soft bodied organisms
at the Fezouata Shale cannot be generated by randomly sampling
a population like that found in the Cambrian sites with any confi-
dence (with p-values of 0.00137 and 0.03819 for Burgess Shale and
Chengjiang Biota models respectively). Therefore, the Burgess Shale
(p(DNE|E) = 0.2167) and the Chengjiang Biota (p(DNE|E) = 0.113)
both show significantly higher probabilities of recovering entirely

soft bodied genera. The preservation of entirely soft bodied gen-
era is also different between the Chengjiang Biota and the Burgess
Shale (Table 3), with the higher incidence being found in the
Burgess Shale. This difference is significant and could not be gen-
erated by chance or subsampling (Table 5).

4. Discussion

Soft part preservation in the Fezouata Shale is strikingly differ-
ent from the preservation in the Chengjiang Biota and the Burgess
Shale. This difference in the occurrences of soft tissues cannot re-
sult from a collection bias, because all three localities were sub-
jected to collecting efforts that actively focused on finding and
sampling fossils with labile soft part. Instead, the observed pat-
tern of preservation suggests that the presence of non-cellular lay-
ers covering internal anatomies in the Fezouata Shale was essen-
tial for exceptional preservation, unlike at the Burgess Shale and
Chengjiang Biota. The near complete absence of preserved external
soft tissues is possibly related to them being less decay-resistant
than mineralized, sclerotized or even cuticularized structures. Un-
der most circumstances, even unsclerotized soft cuticle is more
decay resistant than cellular tissue, because cuticular structures are
not subject to autolysis, and the composition of complex polymer-
ized polysaccharides means cuticle is more difficult to break down
than cellular tissues (Briggs and Kear, 1993). The decay-resistance
of complex biopolymers found in the cuticle was also recently in-
voked to explain the rare but selective preservation of cuticularized
organisms in coarse clastic sediments (MacGabhann et al., 2019).

In the Fezouata Shale, there was a pathway of preservation
in place that systematically failed to preserve (i) almost all soft-
bodied organisms lacking a cuticular cover in particular, and (ii)
external soft cellular tissues in general. In this deposit, dead indi-
viduals experienced harsh decay prior to their preservation owing
to a relative burial tardiness (Saleh et al., 2018) in comparison with
the Burgess Shale and the Chengjiang Biota in which fossils were
killed and preserved directly during an obrution event (Gaines,
2014). This decay may also have been retarded by berthierine, a
mineral that can slow down microbial activity through the oxida-
tive damage of bacterial cells (McMahon et al., 2016; Anderson et
al., 2018; Saleh et al., 2019). Therefore, in contrast to the Burgess
Shale and the Chengjiang Biota, the external conditions at the Fe-
zouata Shale were generally less permissive for the preservation
of external soft tissues. However, resistant skeletal parts and cu-
ticular external surfaces created isolated environments within the
carcasses that maintained a chemical equilibrium conducive to the
preservation of internal organs.

The systematic taphonomic bias described here for the Fezouata
Shale has implications for understanding the original faunal com-
munity assemblage, specifically in regard to the proportions of
genera preserved in the fossil record. The systematic removal of
all soft-bodied organisms, lacking a non-cellular external envelope
(cuticle), and external cellular soft tissues leads to an underestima-
tion of the original diversity at the Cambro-Ordovician transition
and distorts faunal composition to a greater extent than in the
Burgess Shale or the Chengjiang Biota. Many animal groups could
have lived in the Fezouata Shale environment but left little to
no trace behind, such as chordates (e.g. Pikaia, Metaspriggina). A
corollary of this finding is that it is now possible to differentiate
between ecological and taphonomic absences of numerous genera.
For example, the absence of priapulids such as Ottoia in the Fe-
zouata Shale (Van Roy et al.,, 2015a) is likely a real aspect of the
fauna, since these cuticle-bearing soft-bodied animals would not
have been affected by the same taphonomic bias responsible for
the removal of the majority of soft-bodied genera lacking a cuticle.

Now that a source of systematic taphonomic bias operating in
the Fezouata Shale has been identified (Fig. 4), and most impor-
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Fig. 4. Preservation differences between exceptionally preserved biotas and one non-Lagerstdtte (i.e. preservation of only mineralized genera). The Chengjiang biota and the
Burgess Shale preserve more tissue-types than the Fezouata Shale in which soft tissues in direct contact with sea water are not preserved. (For interpretation of the colours

in the figure(s), the reader is referred to the web version of this article.)

tantly, compared to the biases in play in the Burgess Shale and
the Chengjiang Biota (Fig. 4), it can be accounted for in future pa-
leoecological and evolutionary analyses. This will facilitate more
accurate comparisons of faunal community compositions between
these biotas in particular, and when comparing exceptionally pre-
served faunas in general, as similar restrictive mechanisms are
likely active to a varying extent at other localities.
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9. CONCLUSION AND OUTLOOK

The first evidence of a shelly fauna from the Lower Ordovician of Morocco dates back to the
second half of the 20™ century®’. The exceptionally preserved fauna of the Fezouata Shale was
discovered about 20 years later?!. Since faunal assemblages and fossils were described
resolving evolutionary enigmas in the tree of life!821:22:24-2639.53.82-84 'The precise stratigraphic
background of this Lower Ordovician formation was established recently'®340-42 The most
extensively studied interval with exceptional fossil preservation in the Zagora region is of late
Tremadocian age!!'837-341 These fossils lived in a storm dominated environment that is
modulated by tides'®2°, Thus, the paleontological, sedimentological, and stratigraphic contexts
of this formation are well understood. However, prior to this thesis, little was known on the
mode and mechanism of preservation of fossils from this formation. In this study, we showed
that the Fezouata Shale constitutes a unique window for exceptional fossil preservation in the
Ordovician. Exceptionally preserved fauna was preserved in situ under storm deposits in a
facies in which certain burial tardiness occurred exposing soft tissues to decay prior to their
burial®*>!-72, This decay activity was controlled by favorable clay mineralogy inhibiting the
complete removal of soft parts from the geological record®*. When favorable conditions for
pyritization occurred after burial, pyrite precipitated in specific tissues preserving them in
minute details especially in the rare cases in which animals were buried alive®®72. Pyritization
was not only controlled by the chemical gradient of the water column and the sediments but
also by the chemical gradient of the tissue itself (both SO4> reduction and Fe output)3®,
Following mineralization, dead organisms were not exposed to high burial temperatures (no
metamorphism sensu stricto)’?. However, fossils were extensively weathered by modern water
circulation at outcrops’®. These circulations leached organic carbon from fossils originally
preserved as carbonaceous compressions and oxidized pyrite’?. Thus, it is most probable that
the original mode of preservation of fossils from the Fezouata Shale, in a similar way to
Cambrian Burgess Shale-type deposits, consists mainly of carbonaceous compressions with
sometimes accessory authigenic mineralization'#”2, Understanding the mode of preservation of
fossils from the Fezouata Shale allowed the differentiation between real vs fake impressions of
soft tissues in this deposit>>78. Even if the mode of preservation appears to be universal between
both Cambrian and Ordovician BST deposits, it is clear that some discrepancies exist in the
mechanism that leads to this type of preservation mainly in terms of transport and the exposure
to pre-burial decay?!>72. Pre-burial decay operational in the Fezouata Shale and removing soft
cellular structures in direct contact with seawater in addition to completely cellular organisms
leads to an underestimation of the original Fezouata Biota at the transition between the
Cambrian explosion and the Ordovician radiation”. This underestimation points out that both
the Cambrian Explosion and the Ordovician radiation are one single episode of anatomical
innovation”. In the future, much work remains to be done on the Fezouata Shale. A
geochemical investigation should be made addressing the water column chemistry and trying
to understand water circulations in the Fezouata Shale. Iron, sulfur, nitrogen, uranium, and
molybdenum isotope analyses will help discovering the water column stratification added to
data on total organic carbon matter (TOC). Data on water temperature can be easily investigated
as well using oxygen isotopes on phosphatized brachiopod shells. These results should also be
compared to the water chemistry of other sites with fossil preservation from the Ordovician in
order to decipher if some sites also have the potential to yield a diverse exceptionally preserved
fauna (e.g. in the Czech Republic, and the Montagne Noire in France). When combined with
the results of this thesis, a predictive framework can be developed for the discovery of soft parts
in the Ordovician. Furthermore, future work should focus on comparing other sites with
exceptional fossil preservation to the Fezouata Shale and the Burgess Shale. A quantitative
method should be developed in order to reconstruct the first curve of biodiversity for the
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Cambrian and Ordovician accounting for preservation biases. Most importantly, bioturbation
should be investigated in detail in the Fezouata Shale, in order to understand how exceptional
preservation occurred in a constantly bioturbated environment. Bioturbation studies are also
essential to investigate the original occurrence of some organisms in this biota as many
organisms might have lived in the Fezouata Shale but their carcasses did not preserve due to
taphonomic biases in this site.
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