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Abstract

The Late Jurassic is a peak time of diversification of reefs with corals, stromatoporoids, calcareous and siliceous sponges,
and microbialites during the Phanerozoic. This study focuses on the Callovian—Kimmeridgian carbonate succession of
eastern Sardinia, deposited at tropical latitudes on the European passive margin that recorded from the late Oxfordian the
evolution from a coated grain-dominated to a reef-bearing carbonate ramp. The coated grain-dominated carbonate ramp
(phase 1; Callovian—middle Oxfordian) includes inner ramp ooidal shoals and peloidal packstone in the middle-to-outer
ramp. The overlying reef-bearing ramp (phase 2; late Oxfordian—late Kimmeridgian) is characterized by three types (1-3)
of bioconstructions. The distribution of these build-ups along the middle-to-outer ramp depositional profile reflects bathy-
metric parameters, related to the interplay of water energy and light penetration. Type 1 build-ups developed in the proximal
middle ramp and consist of 45 m thick, 100 m wide, coral-stromatoporoid boundstone associated with coral-stromatoporoid
rudstone—grainstone. Type 2 build-ups, colonizing deeper environments in the middle ramp, are lens-shaped coral—calcare-
ous sponge—diceratid boundstone including stromatoporoids and chaetetid sponges, 1-2 m thick and 3—4 m wide, associated
with bioclastic packstone—grainstone. Type 3 lens-shaped calcareous and siliceous sponge—coral-microbialite boundstone
build-ups (1 m thick and a few metres wide) formed in lower energy, distal middle-to-outer ramp settings. The evolution of
the eastern Sardinian carbonate ramp reflects the Oxfordian—Kimmeridgian spread of the coral-sponge-microbialite reefs
along the Tethyan European passive margin.
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Introduction

The Late Jurassic represents a time of exceptional abundance
of coral, stromatoporoid, calcareous, and siliceous sponge
and microbialite reefs in the Phanerozoic (Leinfelder et al.
2002; Cecca et al. 2005; Kiessling 2009; Martin-Garin et al.
2012). This significant phase of reef development is coeval
with major tectonic plate reorganizations, marked by the
breakup of Pangea, which started in the Late Triassic and
led to the opening of the Central Atlantic and Alpine Tethys,
followed by the North and South Atlantic, Indian Ocean and
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the Bay of Biscay (Stampfli and Borel 2002; Golonka 2004,
2007; Beutel et al. 2005; Masini et al. 2013; Frizon de Lam-
otte et al. 2015; Leleu et al. 2016; Miiller et al. 2016). In
this period of global tectonic reorganization, major climatic
changes and sea-level fluctuations (Dromart et al. 2003; Jen-
kyns et al. 2011; Haq 2018), and reef-building biota diversi-
fied and gave rise to a great variety of reef types, dominated
by corals, stromatoporoids, various calcareous and siliceous
sponges, bivalves, and microbialites or a mixture of them
(Leinfelder et al. 2002). Starting from the middle Oxford-
ian, when a eustatic sea-level rise (Cecca et al. 2005), likely
driven by climate warming (Dromart et al. 2003; Dera et al.
2011), is documented, reefs consisted of metazoan (mostly
corals and stromatoporoids) and microbialites. The record
of the global distribution of Upper Jurassic reefs with corals,
calcareous, and siliceous sponges and microbialites is well
documented in attached platforms of the northern margin of
the Alpine Tethys (Spain, Oldriz et al. 2003a; Reolid et al.
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2005; Badenas and Aurell 2010; San Miguel et al. 2017,
Swiss Jura, Dupraz and Strasser 2002; Samankassou et al.
2003; Strasser and Védrine 2009; French Jura, Lathuiliere
et al. 2005; Olivier et al. 2011; Northwestern France, Olivier
et al. 2003, 2008; Carcel et al. 2010; Germany, Olivier
et al. 2004), in the intra-Tethys isolated platforms (Plassen,
Northern Calcareous Alps, Schlagintweit and Gawlick 2007,
2008; Adriatic platform, TurnSek et al. 1981; TiSljar and
Veli¢ 1991; Dragicevi¢ and Veli¢ 2002; Veli¢ et al. 2002;
Vlahovi€ et al. 2002; Apennine platform, Rusciadelli et al.
2011; Apulian platform, Russo and Morsilli 2007; Santan-
tonio et al. 2013), in the southern Tethys epeiric platform of
Saudi Arabia (Al-Husseini 1997; Hughes 2004; El-Sorogy
et al. 2018), and in the Atlantic platforms (Portugal, Lein-
felder 1993a; Nose and Leinfelder 1997; Nova Scotia, Jansa
et al. 1988; Pratt and Jansa 1988).

Laterally extensive well-exposed outcrops of carbon-
ate depositional systems with a wide variety of facies and
Oxfordian—Kimmeridgian and Tithonian coral-stromato-
poroid—sponge—microbialite reefs are present in the Middle
Jurassic-to-Berriasian (Lower Cretaceous) stratigraphic suc-
cession of eastern Sardinia (Fig. 1). Previous studies focused
on the stratigraphic reconstruction of the sedimentary suc-
cession (Jadoul et al. 2009, 2010; Lanfranchi et al. 2011;
Casellato et al. 2012; Jadoul 2018; Muttoni et al. 2018) and
on the characterization of Tithonian reefs (Ricci et al. 2018).
This study focuses on the Callovian—Kimmeridgian south-
ern portion (Fig. 1) of the carbonate ramp system (Dorgali,
Mt. Tului and Baunei formations, sensu Jadoul et al. 2009,
2010) that recorded a transition from a carbonate succession
characterized by coated grains, echinoderms, and peloids to
a carbonate factory dominated by reefs with variable propor-
tions of corals, stromatoporoids, calcareous and siliceous
sponges, and microbialites. Thanks to the intermediate pal-
aeogeographic position between the northern Tethys and the
intra-Tethys platforms in the south-western portion of the
northern margin of the Alpine Tethys (Fig. 2; Dercourt et al.
2000) and affinities with both provinces, the study of eastern
Sardinia carbonate system provides insights on the factors
influencing carbonate lithofacies character, reef composi-
tion, and architecture during the Late Jurassic.

Geological setting

The up to 650 m-thick Middle Jurassic—Lower Cretaceous
carbonate succession of eastern Sardinia (Orosei Gulf;
Fig. 1a) accumulated on the southern European passive
margin of the Alpine Tethys (Fourcade et al. 1993; Cos-
tamagna and Barca 2004; Costamagna 2016). During the
Late Jurassic, Sardinia was located at tropical palaeolatitude
(Fig. 2) along the northern coast of the Alpine Tethys (Der-
court et al. 2000; Muttoni et al. 2018) and was characterized
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by an SW-NE oriented (N-S in present-day coordinates)
emerged ridge of Hercynian metamorphic basement and Per-
mian volcanic rocks (Vardabasso 1959; Dieni and Massari
1985) separating the ocean-facing eastern Sardinia succes-
sion from a restricted epicontinental sea to the north west
(Cherchi and Schroeder 1985; Cherchi et al. 2010).

The carbonate succession of eastern Sardinia accumu-
lated above a Hercynian basement peneplain, with shallow-
water carbonates transitional eastward, northward, and
southward to deeper basinal areas (Fig. 1a, b; Jadoul et al.
2009; Casellato et al. 2012). The succession consists of dif-
ferent lithostratigraphic units (Amadesi et al. 1961; Dieni
and Massari 1985; revised by Jadoul et al. 2009; Jadoul
2018; Fig. 1c) that represent superimposed carbonate units
reflecting different depositional regimes. The carbonate suc-
cession started with marine transgressive carbonates cover-
ing the Palacozoic Hercynian basement, Permian volcanic
rocks (Fig. 1a) or Bajocian—lower Bathonian discontinuous
lenses (up to 50 m thick) of polygenic fluvial conglomer-
ates, lacustrine and marginal marine shales, and coastal
sandstone, labelled as Genna Selole Fm (Fig. 1c; Dieni and
Massari 1985; Costamagna et al. 2007; Costamagna 2016).
The first marine carbonate deposits are referred to as Dor-
gali Fm (sensu Jadoul et al. 2009, 2010), which consists of
dolomitized cross-laminated ooidal grainstone-to-packstone
with detrital quartz associated with oo-crinoidal grainstone-
to-packstone of Bathonian—Callovian age. The overlying
Mt. Tului Fm, Baunei Fm and S’Adde Limestone record
the evolution through time of a carbonate ramp (Fig. Ic;
Jadoul et al. 2009, 2010). In its lower part (approximately
until middle Oxfordian), this carbonate ramp was character-
ized by the deposition of ooidal grainstone in the central
NW area (Urzulei Supramonte, US in Fig. 1b) interfinger-
ing basinward with oo-crinoidal grainstone-packstone (lower
Mt. Tului Fm), laterally passing to packstone-wackestone
with chert nodules (lower Baunei Fm, Jadoul et al. 2009)
in the southern basinal area (Baunei Supramonte, BS in
Fig. 1B). The depositional system evolved (probably dur-
ing late Oxfordian-Kimmeridgian) to a carbonate ramp
with coral-stromatoporoid reefs in the central NW area
(upper Mt. Tului Fm; Fig. 1b, c¢) passing distally to peloidal
packstone—wackestone in the northern (S’Adde Limestone)
and southern (upper Baunei Fm) basinal areas. The top of
Mt. Tului Fm is characterized by a major regressive event
marked by the subaerial exposure of the proximal area of
the carbonate system (Jadoul et al. 2009) and by conglomer-
ates with black pebbles and peritidal facies with fenestrae,
tepees, mud-cracks, and stromatolites (Urzulei Fm, Jadoul
et al. 2009). The upper part of the succession (approxi-
mately lower Tithonian—Berriasian) represents the recovery
of the carbonate system after the subaerial exposure, with
the development of coral-stromatoporoid reefs with high
coral diversity (lower Mt. Bardia Fm, Ricci et al. 2018). The
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Fig. 1 a Simplified geological map of Sardinia, with the distribution
of the Middle Jurassic-to-Berriasian carbonate succession in eastern
Sardinia. The study area is marked by a green box (modified after
Carmignani et al. 2008). b Distribution of the outcrops of Jurassic
shallow water and basinal carbonates in the Orosei Gulf. The inves-
tigated areas are marked by the orange squares: Urzulei Supramonte
(US) and Baunei Supramonte (BS); modified after Jadoul (2018). ¢

Stratigraphic scheme of the Middle-to-Upper Jurassic carbonate suc-
cession of eastern Sardinia. The red square marks the stratigraphic
succession investigated in this study; the red dashed line marks the
separation between lower and upper Mt. Tului Fm; redrafted after
Jadoul et al. (2009, 2010), Lanfranchi et al. (2011) and Casellato
et al. (2012)
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Fig. 2 Palaecogeographic map of Tethys realm during the Kimmerid-
gian, with the position of Sardinia (red square); modified after Der-
court et al. (2000). The distribution of coeval reefal carbonate sys-
tems is marked as: 1 Iberian Basin coral-microbial build-ups and
stromatoporoid carpets (Badenas and Aurell 2010); 2 France Lorraine
and Jura carbonate platforms with coral-microbialite reefs (Dupraz
and Strasser 2002; Lathuiliere et al. 2005; Olivier et al. 2008, 2011);
3 La Rochelle coral-microbialite reefs (Taylor and Palmer 1994;
Olivier et al. 2003, 2008); 4 Germany siliceous sponge mounds

transgression is recorded in the southern basin by the depo-
sition of thin-bedded marly limestone (Pedra Longa Fm),
followed by prograding clinostratified sigmoidal bioclastic
deposits (lower Mt. Bardia Fm, Lanfranchi et al. 2011).

Materials and methods

This study investigates the Middle—Upper Jurassic (Call-
ovian-Kimmeridgian) carbonate succession, including the
upper part of the Dorgali Fm and the Mt. Tului and Baunei
formations (sensu Jadoul et al. 2009, 2010) in the south-
ern portion of the Orosei Gulf, in terms of facies charac-
ter and distribution through 11 stratigraphic logs in the
Baunei Supramonte (BS) and Urzulei Supramonte (US)
areas (Fig. 1b). The correlation of stratigraphic logs was
performed based on stratigraphic key surfaces and facies

@ Springer
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(Swabian and Franconian Alb; Olivier et al. 2004); 5 Adriatic plat-
form stromatoporoid, coral, chaetetid reefs (Vlahovi¢ et al. 2002); 6
Apennines carbonate platform with coral stromatoporoid reefs (Rus-
ciadelli et al. 2011); 7 Apulian carbonate platform stromatoporoid-
coral reef (Santantonio et al. 2013); 8 Northern Calcareous Alps
coral-stromatoporoid reefs (Plassen carbonate platform; Schlagintweit
and Gawlick 2007, 2008); 9 Portugal carbonate platforms in Atlantic
realm with reefs with corals, stromatoporoids, siliceous sponges, and
microbialites (Nose and Leinfelder 1997)

changes integrated with previous stratigraphic studies (cf.
Jadoul et al. 2009; 2010).

Facies analysis was based on outcrop descriptions and
petrographic analysis of about 270 polished slabs and 170
thin sections. The semi-quantitative proportion of skeletal
and non-skeletal grains in thin sections was determined
based on visual estimates using the comparison charts of
percentage of constituents proposed for limestones by Bac-
celle and Bosellini (1965). For the description of coated
grains, the nomenclature by Strasser (1986) was adopted.
Strasser (1986) defined 6 ooid types: (1) type 1 ooids are
well rounded and display fine micritic concentric laminae
and possible sparite replacement, (2) type 2 ooids are irregu-
larly shaped with fine micritic laminae (often evolving into
oncoids), (3) type 3 ooids display cortices composed of sev-
eral fine laminae forming a radial structure; they can appear
patchily micritized and evolve into irregularly shaped coated
grains, (4) type 4 ooids have 1-4 laminae and display fine
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radial structure, (5) type 5 have one lamina with a coarse
radial structure, and (6) type 6 ooids display mixed cortices.
Microfacies analysis and nomenclature of sponges are based
on Fliigel (2004) that defined: calcareous sponges as a non-
systematic term for calcisponges exhibiting calcite spicules
or a calcareous skeleton; chaetetids as fossils composed of
densely packed, thin calcareous tubes with horizontal parti-
tions; stromatoporoids as fossil sponges (regarded as being
related to demosponges or as a separate class of sponges)
represented by calcified skeletons of domical to columnar
forms, with internal structures parallel and perpendicular
to the surface and distinct canal systems (astrorhizae) at the
surface; siliceous sponges as an informal term for sponges
with a skeleton composed of siliceous spicules, including
both demosponges and hexactinellids.

To identify the presence of dolomite and ferroan cal-
cite cement, some of the thin sections were stained with
alizarin red and potassium ferricyanide (cf. Dickson 1966).
Thin sections were examined under cathodoluminescence
microscopy with a luminoscope Cambridge Image Technol-
ogy Limited (CITL), Cambridge, UK (model MK 5-2 oper-
ating system at 10-16 kV with a beam current between 200
and 400 pA, and vacuum gauge 50-70 millitor).

Results
Facies types

Outcrop-based facies investigation and petrographic analysis
allowed distinguishing 13 carbonate facies, labelled from F1
to F13 (Table 1), differently distributed within the Callovian
to upper Kimmeridgian succession of the Dorgali, Mt. Tului
and Baunei formations (sensu Jadoul et al. 2009, 2010).
Facies F1 is a partially dolomitized cross-bedded ooidal-
coated grain grainstone-to-packstone, with beds 0.5-1 m
thick and local herringbone cross-lamination (Fig. 3a).
It contains partially micritized ooids with radial sparitic
laminae (type 3), micritic ooids (type 1), and aggregate
and coated grains with micrite envelopes (Fig. 3b). Discon-
tinuous beds (1-15 mm thick) of siliceous sponge spicule
wackestone may alternate within fining-upward grainstone
beds with dominant type 1 micritic ooids (Fig. 3c). Facies
F2 is a cross-laminated echinoderm packstone-to-grain-
stone—rudstone (Fig. 3d) in planar beds up to 1 m thick, with
fining-upward grain-size trends, also partially dolomitized
as F1 (Table 1). Facies F3-peloidal packstone is well bed-
ded (0.2-1 m thick) and includes ooids and echinoderms.
Facies F4-peloidal packstone with chert nodules and thin-
shelled bivalves (Fig. 3e) is characterized by bioturbated
thin nodular beds (5—10 cm) dominated by peloids and fine-
grained coated grains (100-200 um). Facies F5 is an ooidal
grainstone-to-packstone with intraclasts and bioclasts (beds

0.5-1 m thick), dominated by type 3 partially micritized
radial ooids and type 1 micritic tangential ooids (Fig. 3f,
g). Facies F6 (0.2—1 m thick beds) consists of peloidal
packstone with reworked intraclasts (mainly clotted peloi-
dal and dense micrite fragments), skeletal fragments, ooids
(type 1), oncoids, and coated grains with micrite envelopes.
Facies F7 consists of burrowed peloidal packstone to locally
wackestone with Lenticulina foraminifer (Fig. 3h) in thin,
nodular beds (5-30 cm thick). Facies F8 consists of cross-
laminated beds (0.5-1 m thick) of bioclastic packstone-to-
grainstone—rudstone rich in sub-angular-to-rounded intra-
clasts of clotted peloidal micrite and dense micrite fragments
(Fig. 4a, b). Facies F9 is a poorly sorted, massive, coral-
stromatoporoid rudstone-grainstone with common colonial
(thamnasterioids) and solitary corals and stromatoporoids
(Fig. 4c, d), with encrustations by clotted peloidal micrite.
Facies F9 contains also sub-angular-to-rounded intraclasts
of clotted peloidal micrite (Fig. 4e) and dense micrite and
peloids. Facies F10 consists of massive coral-stromato-
poroid boundstone (Fig. 4f) tens of metres thick (14-45 m)
with coral colonies in life position (0.05-2 m, mainly phace-
loid, cerioid, and thamnasterioid; Fig. 4g, h), associated with
stromatoporoids, undetermined calcareous sponges, and
encrusted by clotted peloidal micrite, serpulids, and fora-
minifers (Troglotella incrustans, Fig. 5a, b). Facies F11 is a
coral-calcareous sponge—diceratid boundstone whose frame-
work consists of dominant coral colonies and undetermined
calcareous sponges in life position (Fig. Sc—e) with sparse
stromatoporoids. Coral colonies (mainly phaceloid and
cerioid) are often encrusted by solenoporaceans (Fig. 5f),
Bacinella irregularis (Fig. 5g), Lithocodium aggregatum
(Fig. 5h), and clotted peloidal micrite associated with dic-
eratid bivalves (Fig. 5e). Facies F12 sponge—coral-micro-
bialite boundstone consists of calcareous (Fig. 6a) and sili-
ceous sponges (hexactinellid, Fig. 6b), chaetetids, solitary,
and phaceloid corals (Fig. 6¢) and solenoporaceans showing
coatings by micritic clotted peloidal micrite and Crescen-
tiella morronensis (Fig. 6d). There are boring cavities filled
by peloidal packstone (Fig. 6e) that also fills some primary
growth framework voids. Facies F13 is a planar bedded
(50 cm to 1 m thick), poorly sorted skeletal rudstone-to-
packstone, rarely grainstone, with coated grains and com-
mon stromatoporoids (up to 10 cm in diameter; Fig. 6f-h),
peloids, aggregate grains (bound by Bacinella irregularis)
and type 1 ooids.

Dolomitized facies

As displayed in the stratigraphic logs (Fig. 7), facies char-
acterization suffered the widespread presence of replacive
dolomitization in the lower part of the succession, close to
the Hercynian basement comprising the Dorgali Fm and
lower part of Mt. Tului Fm (e.g., the basal 20 m at Mt.
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Oro, 40 m at Genna Scalas, 25 m at Baunei Supramonte to
150 m at Genna Silana). Outcrop exposures show strata-
bounding dolomitization or patchily dolomitized volumes
(Fig. 8a). Some portions of the succession are only partially

@ Springer

dolomitized, allowing the recognition of the original facies
type (facies F1, F2, and F4). In these facies, dolomitization is
characterized by post-compaction planar-e-to-planar-s mosa-
ics of dolomite (20-200 pm) replacing grains and matrix and
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«Fig. 3 a Outcrop photograph showing herringbone cross-lamination
in F1 cross-bedded ooidal-coated grain grainstone-to-packstone. b
Photomicrograph of F1 cross-bedded ooidal-coated grain grainstone
showing type 3 ooids and type 1 micritic ooid laminae (which form
also aggregate grains) and crinoids, partially dolomitized. Arrows
point to euhedral dolomite crystals partially replacing the ooid. ¢
Photomicrograph of facies F1 showing grainstone with type 1 mic-
ritic ooids alternated with irregular wackestone lenses with sponge
spicule wackestone. d Outcrop photograph showing F2 echinoderm
packstone-to-grainstone—rudstone. e Photomicrograph of F4-peloidal
packstone with echinoderms and thin-shelled bivalves. f Photomicro-
graph of F5 ooidal grainstone with intraclasts and bioclasts showing
type 1 and type 3 ooids, intraclasts (I) and fragments of coral (C) and
crinoids, well-cemented by equant blocky calcite cement, with oo-
mouldic porosity. g Ooidal grainstone with intraclasts and bioclasts
(F5) showing a compacted fabric with type 1 ooids and intraclasts of
clotted peloidal micrite and an isopachous cement rim around grains,
precipitated before compaction. h F7 bioturbated peloidal packstone-
to-wackestone with sponge spicules and Lenticulina foraminifers (L)

sealing grain contacts (Table 1). In pervasively dolomitized
successions, dolomite consists of: (1) type 1 dolomite of
planar-s to planar-e mosaics of dull or bright luminescent
subhedral to euhedral crystals with size of 30-120 um; and
(2) type 2 dolomite (Fig. 8b) with coarser planar-e mosaic of
zoned crystals (200-300 um) with a turbid non-luminescent
to dull nucleus and an external limpid bright luminescent
rim (Fig. 8c, d).

Facies spatial distribution and build-up types

Vertical and lateral facies distribution and physical correla-
tion among the stratigraphic logs (Fig. 7) allowed distin-
guishing a lower and an upper part of the succession, char-
acterized by different facies composition (Fig. 9).

The lower part of the studied succession consists of facies
from F1 to F4. In the Urzulei Supramonte area (Fig. 9a), it
is represented by up to 150 m of dolomitized carbonates
(Figs. 7 and 8), which could not be ascribed to any identi-
fied facies due to the replacive dolomitization, capped by
150 m of partially dolomitized facies F1 cross-bedded ooi-
dal-coated grain grainstone-to-packstone (Fig. 7a). Toward
the east (Fig. 7b, ¢), F1 beds alternate with cross-laminated
echinoderm packstone-to-grainstone-rudstone (F2, Genna
Scalas), whereas towards south-east (Baunei Supramonte;
Fig. 9b), F1 alternates or overlies facies F3-peloidal pack-
stone with ooids and echinoderms and F4-peloidal pack-
stone with chert nodules and thin-shelled bivalves (Genna
Ramene, Mt. Oro; Fig. 7b, ¢). In this south-eastern domain,
the succession comprising facies from F1 to F4 (nearly
30-40 m thick; Fig. 7b) directly covers the Hercynian base-
ment and at it is overlain by a sharp facies change with the
appearance of bioconstructions (F11, F12) and bioclastic
grain-supported facies (F6, F8; Fig. 9b).

The upper portion of the studied succession is character-
ized by facies from F5 to F13. The boundstone facies (F10,

F11, and F12) and bioclastic facies (F8, F9) are differently
associated forming three types of discrete build-ups (labelled
as type 1, 2, and 3), which differ for composition, shape,
size, and spatial distribution, as displayed in the measured
stratigraphic logs (Fig. 7a—c). The type 1 build-up consists of
massive coral-stromatoporoid boundstone (F10), overlying
and associated with coral-stromatoporoid rudstone—grain-
stone (F9) and bioclastic packstone-to-grainstone-rudstone
with clotted peloidal micrite fragments (F8). In the Urzulei
Supramonte area (Iscra, Codula Orbisi, Genna Silana logs;
Figs. 7a and 9a), type 1 build-up forms the thickest (45 m)
and most laterally continuous (few hundred metres) biocon-
struction that thins from Genna Silana westward (Codula
Orbisi 20 m, Iscra 2 m thick) and overlies in the western-
most part (Codula Orbisi, Iscra) facies F5 ooidal grainstone-
to-packstone with intraclasts and bioclasts. The top of the
coral-stromatoporoid boundstone (F10) is marked by an
erosional surface caused by a prolonged subaerial exposure
(Fig. 7a).

South-eastward, in the Baunei Supramonte area (Figs. 7b
and 9b), the upper part of the succession (35-40 m thick)
includes build-ups type 2 (Genna Ramene) and 3 (Mt.
Oro) alternated only with the F6 peloidal packstone with
reworked intraclasts, bioclasts, and coated grains or with
both F6 and F7 peloidal packstone with Lenticulina, respec-
tively. Type 2 build-ups are lens-shaped, 1-2 m thick, and
3-4 m wide, and made of coral—calcareous sponge—dicer-
atid boundstone (F11), including both stromatoporoids and
undetermined calcareous sponges, surrounded by bioclas-
tic packstone-to-grainstone—rudstone with clotted peloidal
micrite fragments (F8). Type 3 build-ups are lens-shaped
or tabular bioconstructions, about 1 m thick and 1 m wide,
made of calcareous and siliceous sponge—coral-microbial-
ite boundstone (F12) surrounded by bioclastic packstone-to-
grainstone—rudstone with clotted peloidal micrite fragments
(F8). Bioconstructions were not recognized in Baunei Supra-
monte and Genna Scalas stratigraphic logs (Fig. 7b), where
the upper part of the succession is characterized by common
fragments of build-up facies reworked in ooidal grainstone-
to-packstone with intraclasts and bioclasts (F5), peloidal
packstone with reworked intraclasts, bioclasts, and coated
grains (F6), and stromatoporoid rudstone-to-packstone with
coated grains (F13).

Interpretation

Depositional model

The facies distribution observed in the studied Callo-
vian—upper Kimmeridgian carbonate succession of eastern

Sardinia allowed recognizing two superimposed depositional
phases (phase 1 and 2) characterized by different carbonate
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factories and depositional models (Figs. 10 and 11). Phase
1 (lower part of the succession, Dorgali Fm, lower part of
Baunei and Mt. Tului formations; Callovian—-middle Oxford-
ian) is characterized by a coated grain-dominated carbonate

@ Springer

Urzulei Fm.

ramp, encompassing facies from F1 to F4, whereas phase
2 (upper part of the succession, upper part of Baunei and
Mt. Tului formations; upper Oxfordian—upper Kimmeridg-
ian) represents the development of a carbonate ramp with
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«Fig.4 a Photomicrograph of facies F8 bioclastic grainstone-to-pack-
stone with clotted peloidal micrite and skeletal fragments, locally
encrusted by the microencruster Lithocodium aggregatum (L). b F8
bioclastic grainstone-to-packstone showing an intraclast of clotted
peloidal micrite encrusted by Bacinella irregularis (B) and Thau-
matoporella parvovesiculifera (T). ¢ Photomicrograph of F9 coral-
stromatoporoid rudstone-grainstone with bioclasts and intraclasts and
a thamnasterioid coral colony. d Outcrop photograph showing centi-
metre- to decimetre-size stromatoporoids in facies F9. e Photomicro-
graph of F9 grainstone with bioclasts, intraclasts of clotted peloidal
micrite (I) and Trocholina benthic foraminifer (T). f Outcrop photo-
graph showing type 1 build-up composed of coral-stromatoporoid
boundstone (F10) overlying coral-stromatoporoid rudstone (F9). g
Outcrop photograph of F10 coral-stromatoporoid boundstone show-
ing decimetre-size phaceloid coral colony. h Polished slab of F10
coral-stromatoporoid boundstone with phaceloid coral colony and
inter-corallite bioclastic—intraclastic grainstone

coral, stromatoporoid, calcareous, and siliceous sponge and
microbialite build-ups (facies from F5 to F13). The phase 1
carbonate ramp dominated by coated grains was character-
ized by the gradual lateral facies variability common in a
low-angle carbonate system (Fig. 9b) with laterally adjacent
depositional environments and facies belts (from facies F1
to F4; Fig. 10). The detailed reconstruction of facies archi-
tecture in the lower part of phase 1 succession (Dorgali Fm)
is frequently prevented by irregularly distributed replacive
dolomitization; nevertheless, the local presence of non-
dolomitized or partially dolomitized strata confirms facies
composition from F1 to F4. The petrographic and cathodolu-
minescence features of the replacive dolomite mosaics sug-
gest that dolomitization took place during burial diagenesis
in contact with fluid rich in Mn?*, in reducing environments
(cf. Hiatt and Pufahl 2014). The irregular distribution of
dolomitization, the thickness variability of the dolomitized
portions, the irregular shape of the dolomitization front, and
the evidence of dolomite formation post-dating mechanical
compaction, suggest that this burial dolomitization partially
overprinted the sedimentary succession in proximity of the
contact with the Hercynian basement.

Phase 1 cross-bedded ooidal-coated grain grainstone-to-
packstone (F1) represents ooidal shoals or strand plain in
a shallow subtidal environment of the inner ramp, above
the effective fair-weather wave base, as demonstrated by
the grain-supported texture, well-sorting and sedimentary
structures. The presence of herringbone cross-lamination
(Fig. 3a) suggests, at least locally, tidal influence on these
deposits. The predominance of high-energy type 3 ooids
reflects the continuous agitation of the seafloor. Episodes of
low-energy sedimentation are demonstrated by thin irregu-
lar wackestone beds, suggesting that coated grain shoals
were temporarily abandoned, enabling the deposition of
mud in protected areas (cf. Samankassou et al. 2003). The
cross-laminated echinoderm packstone-to-grainstone—rud-
stone (F2) was deposited in an open-marine, moderate-
to-high-energy environment, probably in a deeper setting

with respect to F1, under currents or storms action in a
proximal middle-ramp environment. This is suggested by
the packstone-to-grainstone texture, good sorting, and
cross-lamination. The accumulation of crinoid ossicles can
form carbonate sand bars in open-marine, moderate-energy
environment on carbonate ramps and at platform margins
(cf. Della Porta et al. 2004 and references therein). Facies
F3-peloidal packstone with ooids and echinoderms suggests
deposition in lower energy environments with respect to F1
and F2. The presence of sparse ooids and echinoderm frag-
ments, frequently broken, suggests that these grains were
reworked from adjacent shallower environments. Facies F3
was probably deposited in the middle ramp, not far from
ooidal shoals, between fair-weather wave base and storm
wave base, where low-energy conditions were occasionally
interrupted by storms. Phase 1 more distal deposits consist
of peloidal packstone with chert nodules and thin-shelled
bivalves (F4). The abundance of micrite matrix and fine
grain size that characterize facies F4 suggests deposition in
a low-energy environment below the storm wave base. The
skeletal biota association suggests open-marine conditions,
in particular the presence of thin-shelled bivalves (prob-
ably Bositra-like; Molina et al. 2018). Due to the frequent
interfingering with middle-ramp facies F3, this environment
could be interpreted as an outer ramp setting.

Phase 2 carbonate ramp is characterized by a change in
the carbonate factory (Fig. 11) and the onset of build-up
growth (type 1-3) composed of different proportion of colo-
nial or solitary corals, stromatoporoids, chaetetids, unde-
termined calcareous sponges, siliceous sponges, solenopo-
raceans, microencrusters, and microbially influenced clotted
peloidal and dense micrite precipitates (cf. similar fabrics in
Olivier et al. 2003; Della Porta et al. 2013). Microencruster
organisms (Bacinella irregularis, Lithocodium aggregatum,
Crescentiella morronensis, Thaumatoporella parvovesiculif-
era) are microfossils, often of incertae sedis, which encrust
metazoans and were the focus of numerous studies regarding
their taxonomy, palaeoecology, and biostratigraphy (Elliot
1956; Radoici¢ 1959; Crescenti 1969; Senowbari-Daryan
et al. 2008; Dupraz and Strasser 1999; Schlagintweit and
Gawlick 2008; Schlagintweit et al. 2010).

During phase 2, the inner ramp was characterized by
the deposition of ooidal grainstone-to-packstone with
intraclasts and bioclasts (F5). Phase 2 ooidal grainstone
(F5) differs from phase 1 ooidal-coated grain grainstone
(F1) for the abundance of bioclasts and intraclasts of clot-
ted peloidal micrite. Facies F5 was deposited in a shallow
subtidal high-energy environment, likely above the effec-
tive fair-weather wave base in the inner ramp. The com-
mon occurrence of micritic (type 1) and micritized radial
ooids (type 3), formed in the high-energy environment
under the continuous agitation of the sea floor, suggests it
represents an ooidal shoal. The presence of fragments of
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Fig.5 a Photomicrograph of F10 boundstone with a branching coral
colony encrusted by serpulids (S) and clotted peloidal micrite (CP). b
F10 thamnasterioid coral (C) encrusted by Bacinella irregularis, clot-
ted peloidal micrite, and the foraminifer Troglotella incrustans (TI).
¢ Outcrop photograph showing type 2 build-up composed of facies
F8 bioclastic packstone-to-grainstone-rudstone with clotted peloidal
micrite fragments and F11 coral—calcareous sponge—diceratid bound-

@ Springer

stone. d Outcrop photograph of F11 phaceloid coral colony. e Pho-
tomicrograph of F11 coral-calcareous sponge—diceratid boundstone
with a calcareous sponge and diceratid bivalves (D) with geopetal
infill. f F11 boundstone with cerioid coral colony (C) encrusted by
solenoporacean (S) and Bacinella irregularis. g Detail of Bacinella
irregularis in F11. h Detail of Lithocodium aggregatum in F11
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Fig.6 a Photomicrograph of F12 sponge—coral-microbialite bound-
stone showing a calcareous sponge fragment. b Facies F12 hex-
actinellid siliceous sponge. ¢ F12 boundstone with clotted peloidal
micrite embedding corals surrounded by dense micrite and microen-
crusters. d Chaetetid sponge encrusted by Crescentiella morronensis
in F12. e F12 sponge—coral-microbialite boundstone with millimetre-

size boring cavities filled by peloidal sediment. f Polished slab pho-
tograph of F13 stromatoporoid rudstone-to-packstone with stromato-
poroid fragments (S) in a coated grain grainstone-to-packstone. g
Outcrop photograph of F13 stromatoporoids (S) within coated grain
grainstone. h F13 stromatoporoid within packstone with coated grains
and peloids
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«Fig.7 a-b Correlation of stratigraphic logs in the NW (Urzulei
Supramonte) shallower central area (a) and in the deeper Baunei
Supramonte area (b) showing the vertical and lateral distribution of
the distinguished facies types (F1-F13) of the studied Callovian—
upper Kimmeridgian succession. The lower part of the succession
includes facies from F1 to F4 belonging to the Dorgali Fm, lower
part of Mt. Tului Fm and Baunei Fm. The upper part of the succes-
sion comprises facies from F5 to F15 belonging to the upper part of
Mt. Tului Fm and Baunei Fm. ¢ Sketch of the study area showing the
location of stratigraphic logs

corals and clotted peloidal micrite suggests erosion and
reworking of nearby coral-stromatoporoid reefs.

The middle ramp was characterized by the deposition
of peloidal packstone with reworked bioclasts and coated
grains (F6), the stromatoporoid rudstone-to-packstone
with coated grains (F13), and by the development of the
coral, stromatoporoid, calcareous, and siliceous sponge
build-ups (from F8 to F12). F6 peloidal packstone with
reworked bioclasts and coated grains indicates deposi-
tion in a subtidal open-marine environment below the
fair-weather wave base in the middle ramp. The occur-
rence of fragmented skeletal and non-skeletal grains indi-
cates reworking of inner ramp sediment and deposition
above the storm wave base in a middle-ramp environment.
According to Fliigel (2004), the benthic foraminifer Tro-
cholina, common in facies F6, is typical of high-energy
environments.

In type 1 build-ups (F8, F9 and F10), facies F8 bioclas-
tic packstone-to-grainstone—rudstone with clotted peloidal
micrite fragments suggests sedimentation in a relative high-
energy environment where most of the grains derive from
F10 coral-stromatoporoid boundstone, producing skeletal
fragment of reef builders and intraclasts of clotted peloi-
dal and dense micrite. In a similar way, the coral-stromato-
poroid rudstone—grainstone (F9) is interpreted as the result
of deposition of reefal debris in the higher energy area deriv-
ing from the erosion of the build-ups. Indeed, the composi-
tion of F9 is similar to F8, with some differences in the size
of corals, stromatoporoids, and other calcareous sponges. In
the coral-stromatoporoid boundstone (F10), the dimension
of coral colonies (reaching 2 m in width) and the common
presence of stromatoporoids suggest a high-energy deposi-
tional environment. According to Leinfelder et al. (2005),
stromatoporoids were well-adapted to live in high-energy
abrasive environments. Type 1 build-ups formed in the
proximal middle-ramp environment seaward with respect
to the F5 ooidal shoals of the inner ramp (Fig. 11). The
widespread presence of debris deriving from the biocon-
structions in facies F8 and F9 testifies that they were peri-
odically exposed to storms and currents. San Miguel et al.
(2013) interpreted deposits similar to F8 in the Kimmeridg-
ian of the Iberian Basin as derived from storm-induced flows
probably below the fair-weather wave base. Debris sheets

rich in reefal material were frequently deposited following
storm erosion and disintegration of the reefs (Bertling and
Insalaco 1998).

Type 2 build-ups (F8 and F11) are similar in composition
to type 1 build-ups but are thinner and with reduced lateral
continuity. The bioclastic packstone-to—grainstone—rudstone
with clotted peloidal micrite fragments (F8) represents the
debris deriving from the erosion of F11. In the coral—cal-
careous sponge—diceratid boundstone (F11), microbialites
might have coexisted with the coral growth encrusting inter-
corallite space and cryptic cavities, as suggested also by
Olivier et al. (2003) for Kimmeridgian coral-microbial reefs
in the Aquitanian Basin (France) and by Della Porta et al.
(2013) for Lower Jurassic coral-calcareous sponge—micro-
bial reefs in the High Atlas (Morocco). The association
Lithocodium aggregatum—Bacinella irregularis suggests
deposition in the photic zone (Dupraz and Strasser 1999).
The presence of stromatoporoids associated with other cal-
careous sponges and the dominance of phaceloid coral colo-
nies suggest moderate-energy environments. Build-ups type
2 are interpreted as deposited in middle-ramp settings under
the action of storm waves associated with peloidal packstone
with reworked bioclasts and coated grains (F6; Fig. 11).

In type 3 build-ups (F8 and F12), the presence of sili-
ceous sponges suggests relatively deep environments,
because typically during the Jurassic siliceous sponge
mounds developed in deep shelves, middle-to-outer ramps
or deep slopes, below storm wave base (cf. Pittet and Mat-
tioli 2002; Bartolini et al. 2003; Olivier et al. 2004; Della
Porta et al. 2013). This is confirmed by the presence of the
microencruster Crescentiella morronensis and relatively lack
of the light-dependent association Bacinella-Lithocodium
(cf. Dupraz and Strasser 1999) with respect to type 1 and 2
build-ups. Type 3 build-ups lack high-energy stromatoporo-
ids and accumulated in association with peloidal packstone
with reworked bioclasts and coated grains (F6) and peloi-
dal packstone with Lenticulina (F7) in distal middle ramp-
to-outer ramp settings. The abundance of the microbially
mediated clotted peloidal micrite precipitates in the studied
build-ups increases from type 1 to 3, i.e., towards more distal
domains (Mt. Oro). This trend could be observed in other
similar depositional systems, such as in the Kimmeridgian
carbonate ramps of Spain, where the relative abundance
of microbial crusts increases towards deeper settings (San
Miguel et al. 2017). The stromatoporoid rudstone-to-pack-
stone with coated grains (F13) was probably deposited in
the middle ramp during storm events. Stromatoporoids and
ooids were reworked respectively from build-ups type 1 and
type 2 and shoals in higher energy environments.

The F7 peloidal packstone with Lenticulina accumulated
in a low-energy distal middle-to-outer ramp environment
based on the common occurrence of these foraminifers in
open-marine distal settings (cf. Hughes 2004).
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Fig.8 a Outcrop photograph showing irregular dolomitized areas
within limestone and strata-bound (SB) dolomitization (Baunei
Supramonte). b Photomicrograph showing a planar-s mosaic of dolo-
mite crystals (DOL-1) and planar-e mosaic of white dolomite crystals
in pores (DOL-2) followed by blocky calcite cement (CAL). ¢ Photo-
micrograph of DOL-2 showing a planar-e mosaic of dolomite crys-

Discussion
Global controls on Jurassic reefs

The evolution of Jurassic carbonate platforms was influenced
by climatic and oceanographic changes, eustacy, as well as
syn-sedimentary tectonics (cf., Merino-Tomé et al. 2012;
Brigaud et al. 2014). The extension of Upper Jurassic coral
reefs at palaeolatitudes higher than 30 N and S suggests
that global climate and seawater temperature were gener-
ally warm, at least in marine and coastal areas (Hallam 1985;
Leinfelder et al. 2002; Sellwood and Valdes 2008). The
uniformity of climatic conditions during the whole Jurassic
is debated and recently questioned (Dromart et al. 2003;
Dera et al. 2011; Jenkyns et al. 2011). The early Oxford-
ian is considered a relatively cool period characterized by
a worldwide crisis of coral reef distribution (Martin-Garin
et al. 2012), whereas a climate warming is suggested in the
middle Oxfordian on the basis of biogeographical and geo-
chemical data (Cecca et al. 2005; Dera et al. 2011), lead-
ing to ice pole melting and eustatic sea-level rise (Dromart
et al. 2003). During the warm middle Oxfordian time (Cecca
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tals with turbid nucleus and limpid external rim. d Photomicrograph
in cathodoluminescence microscopy showing a luminescent planar-e
mosaic of dolomite crystals (DOL-2), zoned, with a more lumines-
cent external rim and non-luminescent blocky calcite cement in pores
(CAL)

et al. 2005), coral reefs expanded towards the northernmost
latitudes in the Jurassic (20-35° N) and were absent at low
latitudes close to the Equator (Martin-Garin et al. 2012).
The late Oxfordian is considered to be cooler with increased
precipitation along the northern Tethys margin, lack of coral
reefs at the higher latitudes occupied in the middle Oxford-
ian, and their shift towards the equatorial belt (Martin-Garin
et al. 2012). Nevertheless, according to Dera et al. (2011,
2015), the Late Oxfordian-to-Early Tithonian was a global
warming event with acceleration of the hydrological cycle
and shifts of the humid belts and locally cooler seawater
temperatures might have been related to changes in ocean
circulation driven by higher sea-level (Dera et al. 2015).
Hence, the global peak of reef distribution and their diver-
sity during middle Oxfordian-to-Kimmeridgian was prob-
ably related to optimal environmental conditions favoured
by climatic oscillations (Cecca et al. 2005; Martin-Garin
et al. 2010; Colombié et al. 2018) and/or by other parameters
related to global sea-level and ocean circulation (Kiessling
2009; Dera et al. 2015).

Eustatic sea-level fluctuations likely affected the accom-
modation for build-up growth: several studies pointed out
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Fig.9 a Panoramic view of the succession in the NW Urzulei Supra-
monte (Genna Silana stratigraphic log) showing from base to top: (1)
the boundary between the dolomitized (Dorgali Fm) and non-dolo-
mitized (lower Mt. Tului Fm) F1 (white dashed line); (2) the bound-
ary (yellow line) between F1 (phase 1, lower Mt. Tului Fm) and F8,
F9, and F10 (phase 2, upper Mt. Tului Fm); and (3) the erosional sur-
face due to subaerial exposure at the top of F8, F9, and F10 (red line)
overlain by the Mt. Bardia Fm. b Panoramic view of the succession
in the SE Baunei Supramonte (Mt. Oro stratigraphic log) showing

a general global sea-level rise, with oscillations, through-
out most of the Jurassic until the Kimmeridgian (Haq et al.
1987; Hardenbol et al. 1998; Hallam 2001; Miller et al.
2005; Haq 2018). Weissert and Mohr (1996) and Miller et al.
(2005) identified a sea-level maximum in the late Oxford-
ian and early Kimmeridgian time, followed by a lowstand
in the late Kimmeridgian. On the northern Tethys shelf, the
sea-level rise is well reflected by the increase of reef sites
during late Oxfordian and early Kimmeridgian (Leinfelder
et al. 2002). The evolution of eastern Sardinia carbonate sys-
tem from a coated grain-dominated carbonate ramp (phase
1) to a reef-bearing ramp (phase 2) is likely related to the
global spread of reefs with corals, stromatoporoids, calcare-
ous and siliceous sponges, and microbialites driven by the

wesmnbi g e b ol il]

“:.%ﬁ 'm‘w“-‘-uwmu P ‘
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P A
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from base to top: (1) the top of the Hercynian basement (orange line);
(2) the boundary (yellow line) between the lower part of the succes-
sion including dolomitized and partially dolomitized F1 and F4 strata
(phase 1, Dorgali Fm and lower Baunei Fm) and the upper of the suc-
cession made of facies F6, F8, and F12 (phase 2, Mt. Tului Fm); (3)
the boundary (blue line) between F6, F8, and F12 (phase 2; Mt. Tului
Fm) and the overlying facies F7 (phase 2, upper Baunei Fm); (4) the
top of the studied succession (green line) and the overlying Pedra
Longa and Mt. Bardia formations (cf. Figure 1c)

middle Oxfordian—Kimmeridgian climatic fluctuations and
sea-level rise.

Comparison of eastern Sardinia build-ups
with coeval reefs

The distribution of phase 2 build-up types with corals,
diverse sponges, microencrusters, and microbialites in the
eastern Sardinia ramp fits well with the model proposed for
the Late Jurassic “reef window” by Leinfelder et al. (2002).
According to Leinfelder et al. (2002), three basic intergrad-
ing reef types existed throughout the Jurassic: siliceous
sponge reefs, microbialite reefs, and scleractinian coral
and stromatoporoid reefs. The first two types developed
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Fig. 10 a Semi-quantitative analysis of the carbonate components
for different depositional environments and 2D interpretative deposi-
tional model of phase 1. b Schematic sketch showing the spatial dis-
tribution of the depositional environments in phase 1 carbonate ramp

in distal middle-to-outer ramp settings, whereas the scle-
ractinian coral reefs developed at shelf margins or in shal-
low middle ramp environments (Crevello and Harris 1984;
Leinfelder 1993b; Leinfelder et al. 2002). Coral-stromato-
poroid—microbialite reefs and coral—debris reefs developed
around or above storm wave base, whereas siliceous sponge
mounds and microbialite reefs occurred in deeper, below
storm wave base, settings (Leinfelder et al. 2002). ’

The Upper Jurassic coral-stromatoporoid, siliceous
sponge, and microbialite reefs’ distribution was governed
by mechanisms different from present-day reefs. The reef

@ Springer

Middle ramp

Sparse to rare (< 10 %)

Outer ramp
Approximate scale

5Km

dominated by ooidal-coated grain grainstone facies. Approximate
location of stratigraphic logs in Fig. 7: 1—Iscra; 2—Codula Orbisi;
3—Genna Silana; 4—Genna Scalas; 5—Genna Ramene; 6—Supra-
monte Baunei; 7—Mt. Oro

window in the Late Jurassic was relatively wide (Lein-
felder et al. 2002): corals thrived both in mesotrophic
and oligotrophic settings, because the photosymbiontic
relationship with zooxanthellae was probably far from
being perfect in the Jurassic (Nose and Leinfelder 1997,
Leinfelder et al. 2002). Many coral taxa likely required a
higher amount of particulate nutrients and reef settings
were influenced by fine siliciclastic input that may have
reflected the importance of heterotrophic nutrition for cor-
als (Nose and Leinfelder 1997). Stromatoporoids could be
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Fig. 11 a Semi-quantitative analysis of the carbonate components
for different depositional environments and 2D interpretative deposi-
tional model of phase 2. b Schematic sketch showing the spatial dis-
tribution of the depositional environments in phase 2 carbonate ramp

associated with or result dominant in coral reefs in high-

energy oligotrophic settings (Leinfelder et al. 2005).
Build-ups of eastern Sardinia represent a mixture between

these end-member reef types and their distribution along

ramp

Common (10-30 %)

Sea-level

Approximate scale

5Km

with build-ups type 1-3. Approximate location of stratigraphic logs
in Fig. 7: 1—Iscra; 2—Codula Orbisi; 3—Genna Silana; 4—Genna
Scalas; 5—Genna Ramene; 6—Supramonte Baunei; 7—Mt. Oro

the carbonate ramp reflects the modelled global distribution
of coral-stromatoporoid, calcareous and siliceous sponge,
and microbialite reefs. Type 1 (F8, F9, and F10) and 2 (F8
and F11) reefs represent coral reefs with stromatoporoids,
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chaetetids, various calcareous sponges, diceratid bivalves,
and microbialite contribution, whereas type 3 build-ups
(F8 and F12) are a mixture between siliceous sponges and
coral-microbialite reefs, lacking stromatoporoids.

During the Late Jurassic, reefs with corals, stromato-
poroids, calcareous or siliceous sponge, and microbialites
developed in the Alpine Tethys (Fig. 2) and in the Central
Atlantic. Reefs from these palacogeographic settings show
differences in terms of composition, geometries, and dis-
tribution along the depositional profile. The build-up types
of eastern Sardinia display similarities and differences with
coeval reefs from all these palaeogeographic settings.

As for the eastern Sardinia reefs, the northern Tethys
reefs mainly developed on carbonate ramps in middle ramp
settings exposed to the effect of storm waves, seaward of
ooidal shoals representing the inner ramp facies belt. On
the western margin of the Iberian Basin during the Kim-
meridgian (Aurell et al. 2003; Alnazghah et al. 2013), pin-
nacle reefs are reported in the middle ramp (San Miguel
et al. 2017), with similar composition but different geometry
with respect to the type 2 lens-shaped build-ups of eastern
Sardinia. Carbonate ramps with ooidal shoals in the inner
ramp and coral-microbial reefs in middle-ramp environ-
ment are reported from the Oxfordian of the French Jura and
Paris Basin (Burgundy, Armorican and Lorraine platforms),
where an epicontinental sea flooded the area among scat-
tered emerged lands (Bertling and Insalaco 1998; Lathuiliere
et al. 2005; Olivier et al. 2011; Brigaud et al. 2014; Olivier
2019).

Carbonate-producing biota associations are different
in the northern Tethys coral-microbialite reefs that gen-
erally lack stromatoporoids (Leinfelder et al. 2002; Kiani
Harchegani and Morsilli 2019) with respect to eastern
Sardinia reefs. This is considered to be due to lower water
temperatures and scarce adaptation of stromatoporoids to
mesotrophic conditions driven by high terrestrial run-off
(Leinfelder et al. 2002, 2005). Exceptions are bioherms of
chaetetids and Cladocoropsis mirabilis in lagoon and back-
shoal environments (e.g., Spain, Sequero et al. 2019) and
some coral-stromatoporoid—microbialite mounds in the
Kimmeridgian of central Spain (Pomar et al. 2015). The
microbial contribution to reef growth appears to be higher
during the Oxfordian—Kimmeridgian in French (Olivier
et al. 2003) and Spanish (San Miguel et al. 2017) reefs than
in the eastern Sardinia build-up types.

Type 3 build-ups lack stromatoporoids and contain cal-
careous and siliceous sponges; the latter typically formed
mounds in the northern Tethys in middle-to-outer ramp
settings (Leinfelder 1993b; Leinfelder et al. 2002). Among
the most important occurrences of Upper Jurassic siliceous
sponge build-ups, there were the Swabian and Franconian
Alb (Oxfordian-Kimmeridgian) of southern Germany (Pittet
and Mattioli 2002; Bartolini et al. 2003; Olivier et al. 2004),
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where siliceous sponge reefs formed isolated mounds on a
homoclinal ramp. In the Oxfordian of Southern Spain, sili-
ceous sponge—microbial bioconstructions developed in low-
energy, nutrient-rich conditions (Olériz et al. 2003a, b, 2006,
2012; Reolid et al. 2005, 2007). Other coeval examples in
similar depositional conditions were described in Poland
(Trammer 1989; Matyszkiewicz et al. 2012) and Roma-
nia (Frantescu 2011). In eastern Sardinia, type 3 build-ups
were probably formed in an ecological window overlapping
between coral-stromatoporoid and siliceous sponge and
microbialite environmental demands.

The Oxfordian—Kimmeridgian intra-Tethys reefs pre-
sent similarities with eastern Sardinia reefs type 1 and 2
and show a different distribution pattern with respect to
northern Tethys (Leinfelder et al. 2002). The characteristics
of the intra-Tethys reefs are related to a structural setting
deriving from extensional tectonics and lack of terrigenous
input reaching the isolated platforms, favouring oligotrophic
conditions (Leinfelder et al. 2002). The Upper Jurassic intra-
Tethys reefs are characterized by abundant stromatoporoids
and various calcareous sponges and reef zonation (Kiani
Harchegani and Morsilli 2019). For instance, in the Oxford-
ian—Kimmeridgian of Croatia (TurnSek et al. 1981), the reef
complex consists of a back-reef lagoon with Cladocoropsis
patch reefs, a high-energy zone dominated by stromatoporo-
ids, and a lower energy one dominated by coral-chaetetid
facies. Other examples of zoned reefs dominated by stro-
matoporoids are reported in the central Apennine (Kim-
meridgian—Tithonian, Ellipsactinia Limestone; Rusciadelli
et al. 2011), Apulian carbonate platform (Kiani Harchegani
and Morsilli 2019), Sicily (Tithonian—Valanginian, Basilone
and Sulli 2016), Friuli Platform in northern Italy (Upper
Jurassic; Picotti and Cobianchi 2017), and Northern Calcare-
ous Alps (Austria, Kimmeridgian-Berriasian; Schlagintweit
and Gawlick 2008). The contribution of stromatoporoids,
chaetetids, and undetermined calcareous sponges in the
eastern Sardinia type 1 and type 2 build-ups is important,
even though corals dominate. Nevertheless, the geometry of
isolated platforms of the Alpine Tethys differs from eastern
Sardinia carbonate ramp because of the different structural
setting. The intra-Tethys platforms are characterized by
tectonically controlled high-relief steep margins, with stro-
matoporoid-rich reefs developing at high-energy platform
margin and coral-stromatoporoid patch reefs and microen-
cruster—cement crust boundstone characterizing the fore-reef
slope (Schlagintweit and Gawlick 2008).

Differently from eastern Sardinia and other settings,
in the southern Tethys extensive epeiric platform of the
Arabian Peninsula, the bioconstructions were dominated
by stromatoporoids and corals were not important reef
builders (Hughes et al. 2008). This was likely controlled
by high water temperature and oligotrophy in arid cli-
mate. Among stromatoporoids, the most widespread was
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Cladocoropsis mirabilis in shallow protected lagoons
(Hughes et al. 2008). The Oxfordian reefs of the Hanifa
Fm represent an exception, because mixed coral-stromato-
poroid bioconstructions are similar in composition to the
eastern Sardinia type 1 and type 2 reefs, developed as well
in middle-ramp environment (Fallatah and Kerans 2018).

The eastern Sardinia build-up types 1-3 with corals,
stromatoporoids, calcareous and siliceous sponges, and
microbialites show some similar characters with reefs
developed on carbonate systems in the Atlantic province
in the Gulf Coast and Portugal.

Subsurface data from the Oxfordian Smackover Fm
(U.S. Gulf Coast) show ooidal shoals in the inner ramp
facing siliceous and calcareous sponge, coral, and micro-
bialite reefs in the middle ramp (Crevello and Harris 1984)
and coral-stromatoporoid reefs in higher energy settings.
The depositional model suggested for the Smackover Fm
resembles that proposed for phase 2 of eastern Sardinia.
The siliceous and calcareous sponge, coral, and microbi-
alite build-ups formed in moderately agitated environment
and show variability in composition related to bathymetry,
with increasing abundance of siliceous sponges with depth
and increase in coral content in shallower environments
(Baria et al. 1982; Crevello and Harris 1984). Transitional
reefs (coral-siliceous sponge reefs) formed at intermediate
depths between the pure siliceous sponge mounds and the
coral-microbial reef environments, as observed in type 3
reefs of eastern Sardinia. Coral-stromatoporoid reefs in
high-energy settings are similar in composition to type 1
build-ups. The eastern part of the North Atlantic province
(Portugal) is represented by a wide variety of reefs devel-
oped in diverse structural settings. The most similar to the
eastern Sardinia reefs developed in carbonate ramps (e.g.,
Algarve Basin, Oxfordian—Kimmeridgian; Leinfelder
1993a) where coral reefs with debris deposits developed
in the distal part of the inner ramp, mixed coral-siliceous
sponge reefs accumulated in the middle ramp and micro-
bial or siliceous sponge mounds occurred mostly in the
outer ramp (Leinfelder 1993a). In the Atlantic province,
there are also reefs developed in structural settings differ-
ent from eastern Sardinia showing less similarities with
eastern Sardinia type reefs. Examples are the coral-cal-
careous sponge reefs with stromatoporoids and chaetetids
developed at the margin of high-relief platforms in the
Oxfordian-Kimmeridgian of the Abenaki Fm along the
shelf of Eastern Canada (Nova Scotia; Jansa et al. 1988;
Pratt and Jansa 1988), in Ota (Portugal, Kimmeridgian,
Leinfelder 1992; Nose 1995), in the Oxfordian—Kimmerid-
gian coral-microbialite reefs developed at the margin of
a tilted block in the eastern margin of the North Atlan-
tic (Morocco, Ourribane et al. 2000; Martin-Garin et al.
2007; Olivier et al. 2012) or coral patch reefs occurring on
coastal siliciclastic shelves (Portugal, Leinfelder 1993a).

Controls on eastern Sardinia reef growth

The development of build-ups in the late Oxfordian—late
Kimmeridgian (phase 2) carbonate ramp of eastern Sar-
dinia is mostly controlled by light availability and water
energy. The distribution of different build-up types reflects
the bathymetric position, showing important variations of
composition and geometry related to water depth. The
interplay of light penetration and hydrodynamic energy
controlled the composition of the build-ups. Type 1
coral-stromatoporoid build-ups developed in the proxi-
mal middle ramp, whereas lens-shaped coral-calcareous
sponge—diceratid type 2 build-ups, including stromato-
poroids, formed in distal middle-ramp settings. Type 3
coral—calcareous and siliceous sponge—microbialite build-
ups lacking stromatoporoids formed in deeper middle-to-
outer ramp environments, in lower energy and reduced
light, where siliceous sponges, indicative of deeper depo-
sitional environments (Gaillard 1983; Crevello and Harris
1984; Leinfelder 1993b; Della Porta et al. 2013), were
common, associated with microbially influenced clotted
peloidal micritic precipitates. The bathymetric control on
the distribution of different reef types reflects the control
on the coeval reef distribution within carbonate ramps
in northern Tethys and some carbonate platforms in the
Atlantic region (Crevello and Harris 1984; Leinfelder
1993a; Leinfelder et al. 2002; Della Porta et al. 2013;
Kiani Harchegani and Morsilli 2019).

A secondary control on build-up composition could be
nutrient level. The absence of stromatoporoids in coral
reefs is considered to be indicative of mesotrophic envi-
ronments and siliciclastic input in the northern Tethys
(Leinfelder et al. 2005). Instead, the contemporaneous
occurrence of stromatoporoids and chaetetids is suggested
as indicative of oligotrophic settings (Leinfelder et al.
2005). The abundance of stromatoporoids in the intra-
Tethys platforms is interpreted as a consequence of the
oligotrophic conditions related to scarce siliciclastic input
in isolated platforms (Leinfelder et al. 2005).

The composition of the eastern Sardinia upper Oxford-
ian—upper Kimmeridgian reefs is enriched in stromato-
poroids, chaetetids, and undetermined calcareous sponges
with respect to other northern Tethys coeval reefs. This
evidence may suggest for eastern Sardinia reduced nutri-
ent levels and terrestrial run-off with respect to the meso-
trophic conditions of the coeval northern Tethys attached
carbonate ramps such as those in Spain (Badenas and
Aurell 2010; San Miguel et al. 2017), France (Lathuiliere
et al. 2005; Olivier et al. 2011), Swiss Jura (Dupraz and
Strasser 1999, 2002), and Germany (Olivier et al. 2004).
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Conclusions

The sedimentological study of the Callovian—upper Kim-
meridgian portion of the eastern Sardinia Jurassic—Lower
Cretaceous carbonate succession (Dorgali, Mt. Tului and
Baunei formations) allowed distinguishing 13 deposi-
tional facies belonging to two superimposed carbonate
ramp phases. The carbonate system evolved from a coated
grain-dominated carbonate ramp (phase 1; Callovian—mid-
dle Oxfordian) to a reef-bearing carbonate ramp (phase
2; upper Oxfordian—upper Kimmeridgian). The evolution
of the carbonate ramp reflects the global middle Oxford-
ian—early Kimmeridgian increase in reef diversity and
distribution, driven by sea-level rise and climatic fluctua-
tions. During phase 2, three different build-up types were
identified, largely controlled in terms of composition and
spatial distribution by bathymetry that influenced light
penetration levels and water energy as in coeval northern
Tethys and Atlantic carbonate systems. Coral-stromato-
poroid and coral-calcareous sponge—diceratid reefs with
stromatoporoids (build-up type 1 and 2) developed in mid-
dle ramp, intermittent high-energy environments, exposed
to the reworking effect of storm currents, whereas calcare-
ous and siliceous sponge-coral-microbialite reefs lacking
stromatoporoids (type 3) developed in lower energy envi-
ronments in the distal middle-to-outer ramp. The abun-
dance of stromatoporoids, chaetetids, and undetermined
calcareous sponges in build-up type 1 and 2 differentiate
the eastern Sardinia upper Oxfordian—upper Kimmeridgian
reefs from the coeval northern Tethys reefs, likely due to
reduced nutrient availability and terrestrial run-off in east-
ern Sardinia with respect to the northern Tethys shelves.
Thus, the eastern Sardinia carbonate ramp represents a
transitional reef realm bridging the attached northern
Tethys platforms and the isolated intra-Tethys platforms.
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