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Abstract

The end of the Triassic and the Early Jurassic are intervals characterised by profound biotic and environmental changes,
accompanied by dramatic decreases in marine fauna diversity. Corals were strongly affected and assemblages underwent a
severe reduction; compared with those of the Upper Triassic, the Early Jurassic is traditionally defined as holding a “reef
gap”. A Sinemurian coral-microbialites patch reef, located in southern France in the Hérault department (Le Perthus
locality), is here described. This bioconstruction developed in a shallow mixed siliciclastic-carbonate inner ramp setting.
The reef volume is composed of up to 70% of an intercoral facies mostly microbialites, with subordinated sediments
(approximately 20-30% of the intercoral facies). Therefore, the patch reef can be defined as a coral-microbialite bio-
construction, in which microbialites were the main framebuilders. The coral assemblage has low diversity and is dominated
by massive to branching colonies of Chondrocoenia clavellata. This highlights the reef diversity after the T/J boundary
crisis. The Le Perthus patch reef could have acted as an edge for the dominant currents and probably induced reductions in
hydrodynamic energy and sedimentation on one of its sides. Consequently, it could have triggered the growth of small
lateral bioconstructions, composed of oysters and microbialites, uniquely on one of its sides. The evolution of the facies
shows that the Le Perthus patch reef grew in a shallowing-upward setting accompanied by an increase in siliciclastic inputs.
The rate of bioerosion and the faunal assemblage suggest that the bioconstructions could have been developed in a
mesotrophic environment.
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1 Introduction

The Triassic—Jurassic (T-J) boundary, which is estimated ca.
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Sepkoski 1982; Benton 1995; Tanner et al. 2004). This
interval is accompanied by profound biotic and environmental
changes (Tanner et al. 2004; Van de Schootbrugge et al.
2007; Clémence et al. 2010a, b; Guex et al. 2012; Richoz
et al. 2012). The causes of the T-J boundary biotic crisis
remain controversial, and several scenarios have been pro-
posed in the literature (e.g., sea level change, ocean anoxia,
bolid impact, aridification of Pangaea, and release of sea-floor
methane hydrates, SO, and/or CO, CAMP volcanism)
(Newell 1963; Marzoli et al. 1999; McElwain et al.
1999, 2009; Ward et al. 2001; Palfy et al. 2001; Tanner et al.
2001; Hesselbo et al. 2002; Olsen et al. 2002; Guex et al.
2004; Van de Schootbrugge et al. 2009; Schmieder et al.
2010; Ruhl et al. 2011; Schoene et al. 2010; Kasprak et al.
2015; Van de Schootbrugge and Wignall 2015; Guex et al.
2016). This crisis is mainly associated with a number of
dramatic changes in the global carbon cycle (McElwain et al.
1999, 2009; Ward et al. 2001; Palfy et al. 2001; Hesselbo
et al.2002; Berner and Beerling 2007; Van de Schootbrugge
et al. 2008; Ruhl et al. 2011; Bartolini et al. 2012), implying
considerable increases in atmospheric CO, that induced glo-
bal warming. The principal, but most likely non-unique
source of these CO, emissions, was the Central Atlantic
Magmatic Province (CAMP), which is one of the largest
igneous provinces in the world, related to the break-up of
Pangaea (Marzoli et al. 1999). A considerable increase in
atmospheric CO,, and/or alternatively in volcanic sulphuric
emissions at the end of the Triassic, caused CaCOs under-
saturation in the oceans, which consequently induced a bio-
calcification crisis characterised by high extinction rates of
reef communities (Hautmann 2004, Hautmann 2006; Clém-
ence et al. 2010a, b; McRoberts et al. 2012; Martindale et al.
2012; Honish et al. 2012).

The Early Jurassic is traditionally considered as a “reef
gap” (Fliigel and Kiessling 2002; Stanley 2001). However, at
several sites of Early Jurassic coral occurrences have been
reported (e.g., Lathuiliere and Marchal 2009; Melnikova and
Roniewicz 2012; Gretz et al. 2013). Nevertheless, the global
insight is that Hettangian and Sinemurian reefs were small
and scarce on the Earth. Exceptions are the large Elmi’s reef,
redescribed by Kiessling et al. (2009), and the British
Columbian reef described by Stanley and McRoberts (1993).
During the Pliensbachian, reefs were abundant mainly in the
western Tethys, but corals were rarer than lithiotid bivalves
(Kiessling et al. 1999). The Pliensbachian ended with an
extinction of coral taxa (Lathuiliére and Marchal 2009) and a
severe decrease in reef growth (Kiessling 2011). The Early
Liassic witnessed a profound modifications in coral reefs
composition, biodiversity, architecture, skeletal density, and
ecological parameters (Kiessling et al. 2007). Their ecology,
taxonomy, and paleobiogeography are still poorly investi-
gated (Stanley and McRoberts 1993; Kiessling et al. 2009;
Gretz et al. 2013, 2015). The Lower Liassic reef crisis marked

(i) a break between different types of reefs, (ii) a disruption
between the declining Triassic and the emergence of new
Jurassic coral families, and (iii) a break between two periods
of widespread reef building in the Upper Triassic and Middle
Jurassic. Therefore, each new case study improves our
knowledge of the process of post-extinction recovery.
Melas (1982) and Hamon (2004) briefly mentioned a
poorly known Upper-Sinemurian patch reef in southern
France in the Hérault department (Le Perthus locality). The
aim of this study is a detailed analysis of the palaeoeco-
logical and palaeoenvironmental conditions in which this
Sinemurian coral-microbialite patch reef developed.

2 Geographical, geological
and sedimentological setting

The studied patch reef is located in the Lodéve region, Hér-
ault department (Languedoc-Roussillon region, southern
France) (Fig. 1). It outcrops in the tiny hamlet of Le Perthus,
where a continuous and accessible Permian to Dogger suc-
cession is exposed (e.g., Melas 1982; Arrondeau 1982;
Hamon 2004; Hamon and Merzeraud 2007). The coral-mi-
crobialite patch reef is well visible on one side of main road
D902 (GPS coordinates 43°46'650"N/3°15'302"E).

The Lodéve region is set on the Caussenard High horst,
and forms the boundary between the Causses Basin and the
Southeast Basin (Hamon et al. 2005) (Fig. 1), which,
during the Liassic, were connected (Michard et al. 1979;
Alabouvette et al. 1988). The Southeast Basin has been
documented as the westernmost part of the Tethyan Ocean
(Baudrimont and Dubois 1977; Debrand-Passard et al.
1984; Hamon and Merzeraud 2007). From the Hettangian
until the Toarcian, this zone was affected by an extensional
phase characterised by the development of synsedimentary
normal faults with SW-NE trends and by the rotation of
fault blocks within the Liassic sediments (Baudrimont and
Dubois 1977; Arrondeau 1982; Merzeraud and Colombié
1999; Hamon and Merzeraud 2007). These tectonic
movements were related to the first opening episode of the
Tethyan Ligurian Ocean (Hamon and Merzeraud 2007).

At Le Perthus, Sinemurian sediments are approximately
36 m thick and consist of shallow platform deposits (On-
line Resource 2). Following a relative sea-level rise, the
depositional environment evolved from peritidal (mainly
dolomitic rocks) to lagoonal facies (oncoid wackestones
and bioturbated, argillaceous mudstone); then to oolitic
sand shoal facies (fine to coarse-grained oolitic grainstones
to packstones, with subordinate shales and wackestones
with ostracods, pelecypods and dasycladacean algae), and
finally to outer-shelf facies (shales, crinoid and annelid
wackestones, and sponge spicule wackestones) (e.g.,
Hamon 2004; Hamon and Merzeraud 2007).
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Fig. 1 Location map of Le
Perthus (Languedoc-Roussillon
region, southern France) and
sedimentary environments of
the calcareous Liassic (Map
modified from Baudrimont and
Dubois 1977)
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Based on facies and discontinuity surfaces, high-frequency
metre-scale cycles (averaging 2-3 m) can be identified (Hamon
2004; Hamon et al. 2005; Hamon and Merzeraud 2007). They
mostly consist of shallowing-upward cycles forming peritidal
or subtidal cycles (Online Resource 2; Hamon 2004; Hamon
and Merzeraud 2007). Peritidal cycles are represented by per-
itidal and/or lagoonal facies, whereas subtidal cycles are com-
posed of oolitic sand shoal and/or outer-shelf facies. Based on a
facies analysis and isotopic signals of 8'°C and 5'%0, large-
scale cycles (3rd order, thicknesses from 5 to 20 m) were also
recognised by Hamon and Merzeraud (2007).

Ammonites biostratigraphy has also been documented by
Hamon and Merzeraud (2007), who recognized the interval
spanning the Arietites bucklandi to the Asterooceras obtusum
zones (Online Resource 2). Intercalated to pelagic deposits,
bioconstructions can also be observed along the section. The
largest bioconstruction is the studied coral-microbialite patch
reef, hereafter named the Le Perthus patch reef (Fig. 2). This
bioconstruction spans the upper part of the Sinemurian As-
teroceras obstusum Ammonite Zone (Melas 1982; Hamon
2004) (Online Resource 2). However, it has never been
studied in detail nor placed within its palaeoecological and
palacoenvironmental depositional contexts.

3 Le Perthus patch reef and surrounding
beds

The Le Perthus coral-microbialite patch reef is approxi-
mately 1.9 mhigh and 2.1 m width, and its base is not visible
(Fig. 2). The pattern of the observed surface shows an

asymmetric lateral growth of the coral-microbialite patch
reef, displaying roughly polished surface with a great num-
ber of silicified corals and bivalves with dark colour (Online
Resource 3). Nevertheless, the finer structures of the corals
are often obliterated by intense alteration. The macroscopic
and microscopic observations reveal that the reef is com-
posed of different types of organisms (Online Resources 4
and 5). Among them, corals are the main framebuilders and
are represented by at least three genera. Their poor preser-
vations make determinations at specific level difficult.
However, based on morphological analogies with the Sine-
murian corals of the nearby Lodeve area (stored in the col-
lections of the Museum-Aquarium of Nancy) the following
species have been recognised: Lepidophyllia (Heterastraea)
morencyana (Terquem and Piette 1865), Chondrocoenia
clavellata (Terquem and Piette 1865) and Phacelostylo-
phyllum?suttonensis (Duncan 1867). The L. (H.) moren-
cyana includes massive colonies that are 6-11 cm in
diameter (Fig. 3a,b). They are identified based on the cerioid
arrangement and polygonal shape of the corallites. The
colonies of C. clavellata generally display lamellar to
ramose morphologies, with intermediate forms in between.
Coral colonies are irregular, resulting in massive to pseudo-
ramose morphologies (Fig. 3c, d). Their sizes are highly
variable; the largest has a width of 24 cm width and height of
78 cm. These corals have a cerioid to slightly plocoid
arrangement and exhibit very small polygonal to rounded
corallites, with a prominent columella (Fig. 3d). Finally,
Phacelostylophyllum colonies are recognised by their pha-
celoid morphology. The branches are generally thin, with
diameters of approximately 1 cm (Fig. 3e, f, g).
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Fig. 2 The Le Perthus patch reef and its surrounding beds. a Picture of
the outcrop. b Sedimentological interpretation and geometrical
relationship between the coral-microbialite patch reef and the lateral
beds 1-8. Eight distinct beds can be identified (Online Resource 2).

Surrounding and overlapping the Le Perthus patch reef,
eight distinct beds and five main facies are observed. Fig-
ure 2a shows the beds and Fig. 2b their interpretation. Most of
the identified beds, with the exception of beds 5, 6 and 7, can
be laterally followed on either side of the coral-microbialite
patch reef. Bed 7, very thin, is also present on both sides but is
not continuous. Some of them (beds 1-4) display important
lateral thickness changes. Bed 5 and 6 are only observed on the
western side of the coral-microbialite patch reef.

The eight beds are characterised by facies variations
(Fig. 2), whose macro- and microscopic analyses, facies
textures and compositions are described in Online Resources
4 and 5. The facies are grouped into five main types:
boundstone (Facies A and D), oolitic grainstone (Facies B,
C, E, H and I), bioclastic grainstone (Facies F), oolitic and
bioclastic packstone (Facies C and E), and sandstone (G).
The oolitic grainstone is the dominant facies, and almost all
the beds that were directly deposited around the reef totally
or partly consist of that facies (Online resource 6a, b). The

The dashed lines correspond to the limit of possibly reef growth
phases. They follow transversally surfaces correlating with the
boundary of lateral beds

lateral beds 1-3 are mostly composed of grainstone and
packstone generally rich in bioclasts and ooids (Facies B, C
and E). Bed 4 is characterized by a bioclastic facies with
grainstone textures (Facies F; Online resource 6c, d, e). Beds
5 and 7 are very thin, laterally discontinuous layers of
sandstone rich in quartz (Facies G). Bed 6, lying between
those two beds, is an oolitic grainstone (Facies H) only
observed on the western side of the coral-microbial patch
reef. The outcrop ends with the thick bed 8, made of ooids
with a grainstone texture and high contents of quartz (Facies
I). On the western side of the coral-microbialite patch reef,
bed 8 shows horizontal to wavy layers and cross-lamination
structures.

Important lateral facies variations, e.g., on the eastern
side of the coral-microbialite patch reef, bed 2 is made
either of a packstone/grainstone (Fig. 2: 2B) or of small
oyster-microbialite bioconstructed patches (boundstone;
Fig. 2: 2C; Online resource 6f, g). Contrastingly, on the
western side, bed 2B is characterised by a variety of
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Fig. 3 Corals of the Le Perthus patch reef: a Lepidophyllia (Heteras-
traea) morencyana colony. b Detail of the colony (square in
a) showing polygonal corallites. ¢ Part of a branching Chondrocoenia
clavellata colony. d Relatively well-preserved fragment of a Chon-
drocoenia colony. Small rounded corallites with prominent columella

packstone to grainstone facies without any bioconstructed
structures inside. Bed 4 also shows some slight lateral
facies variations, i.e., on the western part of the coral-mi-
crobialite patch reef, it contains few bioclasts, such as
fragments of crinoids and dacycladacean algae but profuse
ooids.

» Y o o~ e st

are visible (arrows). e Transverse section of branches of the phaceloid
Phacelostylophyllum ?suttonensis. Arrow indicates the best preserved
corallite where septa are visible. f Thin section of the same colony
shown in e. g Undetermined phaceloid colony (probably
Phacelostylophyllum)

4 Distribution and proportions
of components in the Le Perthus patch
reef

Based on the described components, and to obtain more
information on the structure of the Le Perthus patch reef, four
horizontal transects were investigated (Fig. 4). The
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examination of the transects reveal that the reef volume is
composed up to 70% of intercoral facies mainly secondary
framebuilders (microbialites) and of a small proportion of
trapped sediments (approximately 20-30%) (Fig. 5). In the
western part of the patch reef the proportion of primary
framebuilders (corals) versus secondary framebuilders (e.g.,
microbialites, oysters, serpulids, and sponges) remains rela-
tively stable vertically. Conversely, vertical variation is
observed in its eastern part. Laterally, towards the east, the
concentration of corals decreases. Indeed, the basal part of the
section is formed by debris and microbialites (Online resource
7f), whereas the upper part shows several coral colonies. From
base to top, the concentration of coral slightly increases towards
the top.

The proportions among coral genera are also relatively
stable in the Le Perthus patch reef. The assemblage is
homogeneously dominated by the genus Chondrocoenia.
Conversely, Lepidophyllia, which is also well represented,
becomes rarer towards the upper part and completely dis-
appears laterally eastward. The phaceloid Phacelostylo-
phyllum colonies are scarce and dispersed throughout the
patch reef body; undetermined corals are abundant. How-
ever, the very irregular shapes of the latter suggest that they
may be Chondrocoenia colonies implying that this genus is
probably more abundant than estimated.

The percentage of bivalve shells becomes slightly higher
in the upper part of the patch reef. With the exception of
the oysters that are directly fixed on the corals, it seems that
in the western part, the bivalves are mainly dislocated shell
debris trapped in the reef framework. In the eastern part,
the encrusting oysters and undetermined bivalves with
thick walls are more abundant.

Transect A

30cm

I Coral concentration

Corals

I Chondrocoenia
Il Lepidophyllia (Heterastraea)
[ Phacelostylophylium

[ Indeterminable corals

Fig. 4 Distribution of corals in the Le Perthus patch reef

5 Discussion
5.1 Reef growth and depositional setting

During the Late Jurassic coral-microbial reefs were wide-
spread (e.g., Leinfelder et al. 1993, 2002; Schmid 1996;
Leinfelder and Schmid 2000). Because they contribute fun-
damentally to the volumes and morphologies of some Jurassic
reefs, microbialites can be considered to be part of the con-
structor guild (Leinfelder et al. 1996; Olivier et al. 2003).
Hamon (2004) considered the intercoral facies of the Le
Perthus patch reef to be composed exclusively by allochtho-
nous mud that was trapped by corals. However, the detailed
analysis of this bioconstruction does not support this inter-
pretation. Microbialites are abundant in the Le Perthus patch
reef, forming up to 50% of the bioconstruction. The Le Per-
thus patch reef is, therefore, a new example of an Early
Jurassic coral-microbialite reef body. The presence of
microbialites, and the associated micro-encrusters, provides
significant evidence on the palaeoenvironmental conditions
during patch reef development (Dupraz and Strasser
1999, 2002; Olivier et al. 2006, 2007).

The Le Perthus patch reef established in a shallow inner-
ramp setting, characterized by a sand shoal made of ooidal
grainstone (Hamon 2004; Hamon and Merzeraud 2007). The
deposition of mud was rare, and the presence of ooids
resulted from a high hydrodynamic energy. This hypothesis
is corroborated by the observation of small oyster-micro-
bialite bioconstructed patches, found in bed 2B (eastern side
of the patch reef; Fig. 2), which were probably rolled, due to
sporadic storms. The strong lateral thickness variations
together with the structures of the beds, indicate that the reef
evolved in a context of migrating oolitic mega ripples
influenced by swell. Although no clear indications regarding
a tidal influence were observed, the tidal sedimentary sys-
tems in the Sinemurian of the Lodéve region was described
by Hamon and Merzeraud (2007); Hamon et al. (2005).
Reefs that grew under similar hydrodynamic conditions
have been described by e.g., Bertling and Insalaco (1998) in
the Paris Basin, and Reolid et al. (2007) in the French Jura.
However, in high-energy settings, patch reefs could only
grow and maintain their morphologies if strong microbial
binding is present. Without microbial mediation, reefs
quickly disintegrated and deposited as reef rubble.

The coral-microbialite nature of the Le Perthus patch reef
may be an indicator of a moderate to low sedimentation rate.
Indeed, microbialites are closely dependent on sedimentation
rate, e.g., the more microbial crusts a reef contains, the lower the
sedimentation rate should have been (Leinfelder et al. 1993).
Reef establishment commonly corresponds to decreases in
sedimentation rates, and if inputs stop for a while, microbial
crusts will start growing on locally available secondary
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Transect A

Transect C
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Il Constructors (corals + Neuropora)

Transect B

0% (0.3%)
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Fig. 5 Proportions of the different components of the Le Perthus patch reef

hardgrounds such as isolated bivalve shells (Leinfelder et al.
1993). The microbial crusts, which have the capability to
rapidly blowout laterally, will then quickly provide a substrate
on which other reefal organisms such as corals can settle (Le-
infelder et al. 1993). That assumption is well proven and is
observed in the eastern part of the Le Perthus patch reef. Here, it
is clearly dominated by a microbialitic facies that definitely
allowed the substrate to stabilise before the settlement of the
corals. In its western part, laterally to the microbialites, corals of
growth phase 1 were already developed (Fig. 2). Consecutive
to the development of corals, during phases of low sedimen-
tation rate a secondary framework constituted by microbialites
and micro-encrusters established. Nevertheless, the environ-
mental conditions were probably not optimal for reefal devel-
opment as testified by the small size and of the Le Perthus patch
reef. In this shallow setting, low accommodation space and
migration of ooidal bars were possibly responsible for the short
growth of the reef.

The initial settlement of the reef by microbialites occurred
most likely during a short phase of non-deposition (Fig. 4).
With the recovery of sedimentation, the corals developed
preferentially on the western side, and the reef body acted as a
shield, limiting sediment deposition on its eastern side.
Accordingly, the debris trapped in the reefal structure are
bigger and more concentrated on the western side, suggesting
that the sediments were dominantly transported from west to

east (Fig. 4). This configuration permitted the deposition of
muddy facies (e.g., packstone of bed 2: Facies B, and of bed
3, Fig. 2) and the development of decimetre oyster-micro-
bialite bioconstructions (bed 2: Facies C, Fig. 2) on the
eastern side of the Le Perthus patch reef. The polarity of the
geopetal structures reveals that these small bioconstructions
were probably rolled. Hovewer, their decimetre size and the
surrounding packstone facies suggest that they probably did
not develop very far from the Le Perthus patch reef, which
protected them in normal depositional conditions but e.g., not
during storms.

The deposition of thick bed 4, having an erosive base,
directly covers the top of the patch reef (Fig. 2). Its depo-
sition possibly, but not necessarily, represents the cause of
the demise of the Le Perthus patch reef. Thereafter, the
shallowing-up evolution of the depositional sequence (Ha-
mon 2004; Hamon et al. 2005; Hamon and Merzeraud 2007)
and decrease in accommodation did not permit further reef
growth. Hence, the death of the reef organisms was probably
induced by modifications to the environmental conditions
(i.e., shallowing-up) rather than a change in trophic level.
The stenohaline fauna (corals, echinoderms, and sponges)
indicates that normal marine conditions prevailed. The
amounts of siliciclastic inputs are commonly correlated with
nutrient rates (Dupraz 1999; Mutti and Hallock 2003). This
study also shows that although the amount of quartz is not
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very high, the patch reef established in a setting where
siliciclastic sediments were deposited.

Nutrient availability may be regarded as a factor that
influences bioerosion. Indeed, bioeroding organisms are
heterotrophic filter-feeders, and their abundance rise with
increasing nutrient and food resources (Hallock 1988). In
the Le Perthus patch reef, bioerosion is relatively diffuse; it
is also commonly observed in the lateral oyster-micro-
bialite bioconstructions.

Microbialites are, moreover, good indicators of nutrient
availability. Indeed, high nutrient levels favour blooms of
benthic microbial communities (e.g., Hallock and Schlager
1986; Camoin et al. 1999; McCook 2001; McCook et al.
2001; Sprachta et al. 2001). Olivier et al. (2006) concluded
that periods of high nutrient concentrations (probably linked
to terrigenous inputs) could have been responsible for the
Bajocian coral-microbialite reefs growth. In the Upper
Jurassic reefs, the micro-encrusters associations, dominated
by serpulids and cyclostomate bryozoans, are considered
opportunistic filter-feeding organisms that are not dependent
on light (Dupraz 1999; Dupraz and Strasser 1999, 2002). In
the Le Perthus patch reef, organisms associated with the
corals are also dominantly filter-feeding (e.g., oysters and
sponges). All these elements indicate that the patch reef
most likely evolved in a global mesotrophic dominated
system. Conversely, the trophic level could have varied
while the reef was growing due to the shallowing-up of the
setting (increase in siliciclastic inputs and consequent
increase of nutrient supply). No clear evidence indicates the
synchronicity between corals (primary framebuilders) and
microbialites (secondary framebuilders). However, based on
field observations, we suggest that corals developed in more
oligotrophic settings than those of the secondary frame
builders, dominated by microbialites.

5.2 Are the corals of the Le Perthus patch reef
Zooxanthellate?

All the observations clearly indicate that the Le Perthus patch
reef grew in a shallow setting under well-illuminated condi-
tions. Nevertheless, being situated in the photic zone does not
infer automatically that the corals were zooxanthellate. In
Mesozoic corals, it is impossible to identify the presence of
zooxanthellae because photosymbionts do not fossilize. In
addition, the strong recrystallisation that often affects lime-
stones prevent the use of geochemical proxies commonly
used to detect zooxanthellate corals (e.g., Stanley and Swart
1995 with limitations given in Gill et al. 2004 and Cuif et al.
1999; Muscatine et al. 2005; Gautret et al. 1997; Tornabene
et al. 2017). Indeed, they require very good preservation of
the primary aragonite. However, analyses of the carbon and
oxygen isotopes from both well preserved oyster shells and
bulk-carbonates were performed in order to evaluate if the

average temperature was compatible or not with the presence
of zooxanthellae in the coral species of the Le Perthus patch
reef (Online resources 9 to 11). The method based on growth
bands to distinguish between symbiotic and non-symbiotic
corals (Fagerstrom 1987; Stanley and Helmle 2010; Fran-
kowiak et al. 2016) cannot be used either.

Only indirect observations, including the overall shape of
the colonies, are here used as indicators of symbionts (Coates
and Oliver 1973; Coates and Jackson 1987; Rosen and
Turnsek 1989; Lathuiliere 2000). Following Lathuiliere
(2000), the adoption by the same species of dome-shaped,
three-dimensional colonies and plate-like, bi-dimensional
growth forms, together with intermediate forms occurring
between those two morphologies, and differential growth are
made possible only by symbiosis. In the Le Perthus patch
reef, Chondrocoenia clavellata displays high morphological
plasticity with lamellar and branched colonies. The studied
colonies of C. clavellata clearly exhibit a tendency to be
branching. Dome-shaped and branching morphologies domi-
nate the very shallow settings where light is abundant (In-
salaco 1996a, b; Geister and Lathuiliere 1991; Helm and
Schiilke 1998). Jaubert (1977) demonstrated similar rela-
tionships in shallow-water settings where, for instance, foli-
aceous morphotypes of Synaraea convexa in low-illuminated
settings, grade into branching morphotypes in well-illumi-
nated settings. Multiserial colonies exhibiting corallites
smaller than 5 mm in diameter and displaying a high inte-
gration level may have hosted zooxanthellae (Coates and
Jackson 1987). Summarising, colonies of C. clavellata have
morpho-structural characteristics that may be considered as
favourable indicators for the presence of symbionts:
(i) branching forms, (ii) corallites with diameters less than
5 mm, (iii) multiserial nature, and (iv) relatively high level of
integration with their cerioid to plocoid arrangement.

This is not the case for the other genera from Le Perthus
patch reef. Phacelostylophyllum has corallites with diameters
exceeding 5 mm and has phaceloid morphology. It is not
multiserial and has low integration level. Lepidophyllia colo-
nies are intermediate: they have multiserial morphology, but
their corallites are higher than 5 mm. With cerioid arrange-
ment, and imperforate connecting walls, they may be consid-
ered weakly integrated species. The diagnostic of the
photosymbiosis is not straightforward for both genera. In con-
clusion, the coral assemblages of the Le Perthus patch reef were
dominated by possibly zoxanthellate coral (C. clavellata) with
subordinate associated species with uncertain photosymbiosis.

5.3 Coral evolution and the T-J boundary crisis

After the T-J boundary mass extinction crisis, coral recovery
started earlier in the Tethys and neighbouring epicontinental
seas (West Europe, southern Europe, Carpathians, and North
Africa) (Kiessling et al. 2009; Melnikova and Roniewicz



Coral- and oyster-microbialite patch reefs in the aftermath of the Triassic—Jurassic biotic crisis 545

2012). The magnitude of coral extinction rate during the T-J
boundary is difficult to evaluate because of discrepancies in
Triassic and Jurassic taxonomies (Kiessling et al. 2009;
Lathuiliere and Marchal 2009; Gretz et al. 2013). Lathuiliére
and Marchal (2009) reported that the extinction rate at the T-J
boundary ranged between 50 and 60% at genus level. Kies-
sling et al. (2009) obtained an extinction rate of 51-53% at
genus level, excluding singletons.

Reef diversity and development truly recovered only
during the Middle Jurassic (Lathuiliere and Marchal 2009).
Two genera at Le Perthus, Chondrocoenia and
Phacelostylophyllum, can be certainly be considered as
survivors of the T-J crisis in contrast to Lepidophyllia,
wich is not known from the Triassic. The latter evolved
from the Triassic family of stylophyllids and possibly was
an evolutionary by-product of this crisis.

5.4 The coral-microbialite reefs of the Early-
Jurassic

The T-J boundary was characterised by a major biocalci-
fication and coral reef crisis. Therefore, during the Lower
Jurassic reefs were rare (e.g., Leinfelder et al. 2002; Mel-
nikova and Roniewicz 2012). Corals and bivalves domi-
nated the reef biotas of the post-Triassic, whereas sponges
and microbialites were subordinate and mostly regional
(Leinfelder et al. 2002). During the Triassic, corals formed
well-developed biocostructions, whereas in the Early
Jurassic corals occurred often as sparse colonies on marl,
mud, and sand substrata (Melnikova and Roniewicz 2012).
In Europe and in the Pamir Mountains, Hettangian?-Sine-
murian coral colonies settled on unstable bottom sedi-
ments. Branching colonies usually formed meadow-like
thickets, without real upward-growing bioconstructions
(Melnikova and Roniewicz 2012). Even if their influence
on sedimentation was restricted, Early Jurassic corals can
be attributed more to the baffling- than to the constructor-
guilds (Leinfelder et al. 2002). The scarcity of constructor
corals mirrors the paucity of reefal frameworks during the
Hettangian and Sinemurian (Leinfelder et al. 2002). Fol-
lowing Kiessling et al. (2009), microbialites should not be
taken as evidence of stress to explain the abundance of
microbialites after mass extinctions. Indeed, microbial
crusts were common components of reefs in the latest
Triassic (e.g., Stanton and Fliigel 1989; Fliigel 2002) and
Middle-Late Jurassic (e.g., Leinfelder et al. 2002; Olivier
et al. 2006). The oldest known coral-microbialite reef is the
Hettangian Elmi’s reef (Ardeche, France) and it represents
a unique example of this type of reef (Elmi 1990; Kiessling
et al. 2009). Kiessling et al. (2009) suggested that the late
Sinemurian Telkwa reef in British Columbia, described in
several works (Poulton 1989; Stanley and McRoberts 1993;
Stanley and Beauvais 1994), might be as prolific in

microbialites as the Hettangian Elmi’s reef. In the Het-
tangian?-Sinemurian coral facies of the southeastern Pamir
Mountains, corals are commonly associated with structures
of cyanobacterial origin (Melnikova and Roniewicz 2012).

In conclusion, as documented by the Le Perthus patch
reef, the amount of microbialites in the Early Jurassic
bioconstructions may have been higher than supposed and
played an important role in the growth of Early Jurassic
reefs. Abundant microbialites are not evidence of a major
crisis as at T-J boundary (Kiessling et al. 2009) but were
common components also in the latest Triassic (e.g.,
Stanton and Fliigel 1989; Fliigel 2002) and Middle-Late
Jurassic (e.g., Leinfelder et al. 2002; Olivier et al. 2006).

6 Conclusions

The Le Perthus patch reef is a unique Sinemurian biocon-
struction. Bio- and litho- facies suggest that it developed in a
shallow mixed carbonate-siliciclastic setting. The reef was
surrounded by a physical environment where ooids could
form. The initial reef settlement occurred during a short phase
of non-deposition. When the sedimentation became more
important, the reef body acted as a shield, limiting sediment
deposition on its eastern side. The reduced settling allowed
the development of microbialites in the reef body, together
with the formation of small bioconstructions mainly com-
posed of oysters and microbialites on its eastern side. The
growth of the Le Perthus patch reef was asymmetric, with
initiation in the west and maximum development towards the
east. The intercoral facies is mainly (up 70%) composed of
microbialites. Therefore, the reef can be defined as a coral-
microbialite reef, where microbialites played a major role in
stabilising the reef body. Three coral genera are present:
Chondrocoenia, Lepidophyllia and Phacelostylophyllum.
Based on indirect observations, including the overall shape of
the colonies, at least Chondrocoenia had zooxanthellae. The
average temperatures (20.83-25.83 °C), obtained from anal-
yses of carbon and oxygen isotopes from both oyster shells
and bulk-carbonates, are consistent with this assumption.
Other biota in the bioconstruction are oysters, calcareous- and
demo-sponges, and ostracods. Neuroporid sponges, rare in the
main reef are more abundant at the sides. Micro-encrusters
are diffuse but have low diversity, being composed of mainly
serpulids. Foraminifers are almost absent and/or not bios-
tratigraphically significant. The siliciclastic setting, rate of
bioerosion and faunal assemblage indicate that the patch reef
possibly evolved in a mesotrophic dominated system. Coral
assemblages of the Le Perthus patch reef are formed by two
Triassic genera: Chondrocoenia and Phacelostylophyllum that
can be considered as survivors of the T-J crisis. In contrast,
Lepidophyllia evolved from Triassic Stylophyllidae and
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should be considered an evolutionary by-product of the T-J
boundary crisis.
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