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“Sampling error, identification error, as well
as the natural perversity of geological data,
all contribute to disorder.”

IMBRIE ANDPURDY (1962)
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ABSTRACT

High-relief carbonate platforms evolve from a pgo#nown nucleation stage that has different
environmental conditions and depositional processtsrespect to the mature stage of the platform.
understand the processes that lead to the devetdprha high-relief carbonate platform, it is craicio
analyze facies type and distribution during théyeainase of their development.

The Esino Limestone (up to 800m thick, with a fipkdtform-to-basin relief of 550 m) preserves exgubs
the inception stage deposits. In its mature conditjon the carbonate system was characterizedvingea
inner platform (bedded peritidal limestones withostatolites, oncoids, fenestrae and dasycladaceans)
bordered by a narrow reeTybiphytesand microbial mounds associated with coral fraorest with
calcisponges and intrabioclastic packstone) thatcgal the breccias of the steep slopes.

20 stratigraphic sections have been measured ang 800 samples for microfacies analysis have been
collected in the 30-130 meters-thick successioth@fucleation stage. Facies type and distribuadrto

the stratigraphic reconstruction and to the iderifon of major phases in the early platform etioly
which are linked with relative sea-level changesfirat transgression, following the drowning of the
antecedent peritidal platform (Camorelli Limestgng)characterized by the deposition of dark bioéted
bio-intraclastic packstone and wackestone passingetded black marly limestones and marls (Prezzo
Limestone). A general regressive trend is charae@by intraclastic packstones and decreasedéswus
input. Sparse reefal bafflestones (porifera, algaeals, Tubiphyte} and peritidal facies (stromatolitic
bindstone with fenestrae, early marine cementsgbidclastic packstone) record the final onsehefdore

of the future high relief carbonate platform. Thedeof the inception stage is thus controlled by the
progradation of sparse patch reefs that fill updepositional space, leading to the coalescenolzted
small nuclei of carbonate production.

This study documented the key role played by aduetopography and sea-level changes in the
localization and growth of the first platform nucleurthermore, environmental conditions (e.g.i¢gmous
input, water circulation) possibly exerted a controthe organisms’ associations that charactetizedirst
stages of platform evolution.



1 - AIM OF THE STUDY

High relief carbonate platforms are extensivelglgd, both from living and fossil examples, in theature
stage whereas very little information are availabigheir early phase of development, that is thegption
stage”. This early stage, the moment at which itisé flatform nuclei set down and start their groywias
proved to have a key role on the successive ewoluti the carbonate system.

In this project we studied the inception stage ahiddle Triassic high relief carbonate platform: in
particular, we investigated which conditions triggge the birth and the development of this carbonate
platform and the factors that could be importanttua early evolution, influencing sediment typdwmirt
distribution and the final platform architecture.

2 - INTRODUCTION

2.1 - High-relief carbonate platforms: overview and premises

High-relief carbonate platforms are carbonate systthat were developed throughout the Phanerozoic u
to the present days and were responsible for thenaglation of thick and extensive carbonate su¢oess
capable of being important hydrocarbon playsAD, 1985. These platforms (fig.1) are characterized by a
generally shallow and nearly flat platform-top tleatonnected to the underlying deep (hundredsetém
basin by means of steep slopes (often more thale@@es). This morphology is the result of a highitu
carbonate production and accumulation on the platfevith lower export to the basimLLIAMS ET AL.
2011, that progressively rises the platform-basinefelind steepens the slopés={D, 1985. This
commonly drives gravitative instability in the gtam margins, making the slope deposits peculiar
(platform-derived grainy sediments with rock faliides, slumps, debris flows, turbidity currertgpass
surfaces) KENTER 1990;PLAYTON ET AL. 2010;WILLIAMS ET AL . 2017).

(Handford & Loucks, 1993)
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Fig. 1 — Carbonate platform profiles (Modified afteomMAR 2001, original image fromHANDFORD ANDLOUCKS 1993. High
relief platform profiles within the red box.
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Fig. 2 — Carbonate platform sub-environments angadés (rimmed shelf) (frolReAD, 1985

Modern high-relief carbonate platforms are tropidahmed shelves (fig.2), characterized by a semi-
continuous or continuous rim at the shelf margit tiestricts circulation and wave action to forrowa-
energy lagoon in a landward positidgaiSBURG ANDJAMES, 1974). Rims, that may consist of barrier reefs,
skeletal and ooid sands, but also islands fromaaliee depositional phas&¢ADp 1985, represent the loci
of maximum carbonate production. Here photo-aupdtio organisms (T-Factory ddCHLAGER, 2003
dominate, having their maximum growth rate in tipgpermost 10 m of the water column where sunlight
penetration is highest ONGMAN, 1981;BOSSCHER% SCHLAGER, 1992). Living examples of this carbonate
platform type are the Great Barrier Reef, the BeShelf, the South Florida Shelf, the Great BahBark.
These platforms have been widely studied for whgards the present carbonate system (in partithear
reef environment and its biota) but their earlyelepment stage is less known due to the fact lieegtowth

of the platform progressively leads to the manttfiglder sediments, that thus result stored addén in
the core zone of the platform, a position that rsakere difficult their study. Nonetheless a fewdsts
based on cores and seismic have revealed the iamgerthat the inception stage has on the lateugeool
MAzzULLO (2006)for example studied the Belize Shelf and showetttieearly development, during the
Pleistocene, of the flat-topped reef-rimmed platfaccurred on the unconform top of a shallowing av
ramp (fig.3) and was induced by differential subsick related to the activity of a fault system stat
delineates the present-day platform margin (bameef). The rimmed platform morphology was then
maintained and accentuated during the Holocenealyeb reef growth, lowstand karstification, ditéatial
platform-to-basin subsidence, and low magnitudeeo$tatic accommodation-space increase during
highstands NlazzuLLo, 2006. The elevation of the topography with respeciséa-level, tectonically
controlled, was a primary control in the localipatiof the reef during the inception stage but dlsong

the successive transgressive phases that follovagfbnn exposures and karstificatiQiSCHLER AND
HuDsON, 1998;2004) Also BoseNCE(2005) states the general importance of the tectoniingeith such
cases where a rimmed platform develops over a rexgosure to waves and currents was also considered
an important but subordinated factor.
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Fig. 3 — Cross section of the Belize shelf. Fagltfithe Pliocene ramp deposits created a strudiyicefined platform
margin along which Pleistocene barrier-reef growths focused. (froazzuLLg 2006.

The factors that control the inception of a carempdatform have been discussedHowiAr (2001)and are
among those that also at present control the dwalwdf the mature platform and that are complexly
interrelated: environmental energy (surficial amteinal waves, currents, upwelling) and water
characteristics (salinity, turbidity, oxygen, natrts, temperature) are critical in the life of caréte factory
and determines the association of life forms aedcrbonate production rate. The generated sedsraadt
bioconstructions in turn shape the depositionalasgt together with tectonics and sea-level chaagd,
are potentially capable of modifying the water glation and thus also the local environmental cooiais.
Furthermore, an important link between physiogragkg-level and carbonate production exists ingotes
day carbonate systems due to the fact that thecTeieis dominated by autotrophic organisms, irtipalar

by scleractinian (hermatypic) corals, which sigrafitly contribute to the building of the moderntfdems
with fast-growing rigid organic frameworks and algith a lot of skeletal debris. ONGMAN, 1981). POMAR
(2001) highlights the primary role exerted by the biotadiassociation on the depositional profiles and
facies distribution of carbonate platforms and gattmat the modern reefs are not a good analogue for
platforms older than the Neogene because of tiereift biotic communities.

In the middle Triassic in fact the composition loé ttarbonate factory was considerably differentftbe
modern one. The metazoan reef community was reicgyérom the End-Permian mass extinction,
scleractinian corals were still minor contributtwghe carbonate production and no other organisadsa
comparable frame-building ability. Brachiopods, lasks, foraminifers and echinoderms were common
while calcareous and siliceous sponges, calcargmen and red algae and bryozoans acted as binders,
bafflers and sediment-stabilizerlsoNGMAN, 1981; STANLEY, 1988; PRUSS AND BOTTJER 2005. These
organisms however were not dominant in the platforangin environment, which was mainly constituted
by microbial communities and Problematigalbiphytesvas the main form), micrite (probably of microbial
origin; SCHLAGER, 2003;PAYNE ET AL. 200§ and early marine cement8(sso ET AL 1997,2000;KEIM

AND SCHLAGER, 2001). The middle Triassic biotic community thus commyofits the M-Factory of
SCHLAGER (2003)and, being dominated by oligophotic forms, itsvgto ability was probably not limited
to the photic zone but extended far deeper. Asatrea different response of carbonate produdticsea-
level variations, with respect to the present-dayattory, may be expected, influencing the architet
construction of the platform as proposeddsnTER ET AL (2005) (Slope shedding model; Fig.4).



Not to scale

Slope Shedding Model Versus Highstand Shedding Model
Insensitive to light (0-300 m wd) Sensitive to light (<30 m wd)
Large production area in upper slope Small production area in upper slope
Sea level "insensitive’; environmental sensitivity Sea level sensitive
Shedding to siope by boundstane production Shedding to slope by platform top

miner platform top derived sand bypasses upper slope skeletal/non-skeletal sand to mud
Steep and planar upper slopes Low angle and exponential slopes
High accretion rates Low accretion rates

Fig.4 — Schematic diagrams illustrating the maiffatiences between the Sope shedding and Highsteutisig depositional
models. (fronKENTER ET AL2005).

A few studies on the inception stage of high reti@fbonate platforms are available from middle Ssia
examples, in favorable cases where deep erosiarsegheir nuclei to outcrop-based research. Ehisai
case of the Great Bank of Guizhou (Nanpanjiang lBaShina), a high relief Triassic isolated platform
whose cross section is exposed by a faulted syndlinHrRMAN ET AL. 1998. The platform results to
develop on the top of the antecedent drowned Pariéagtze Platform. The initial accumulation of the
Great Bank of Guizhou occurred near the margirhefgdrevious platform (fig.5) and is representedaby
central open-marine shallow-subtidal environmentasonally winnowed by wave action (skeletal
grainstone-packstone), margined by deeper suljiatah reefs of sponge boundstone and bafflestone. N
structural control drove here the platform initatibut a link between topography, sea level ancemwat
circulation can be deduced from the position neathe margin plus the fact that surrounding areas
experienced a deeper water sedimentation. Thisesansdhen firstly evolved to a low-relief bank with
differentiated environments (shallow subtidal-pdal interior and oolite margins) and later progresly
increased its relief developing widebiphytegeef margins and steep slopes{rRMAN ET AL. 1998).

LATE PERMIAN Yangtze Platform

Nanpanjiang

Basin Shoal carbonates Restricted
and reefs shallow-marine
{Woujiaping Fm.) carbonates

EXPANSION OF NANPANJIANG BASIN,

LATEST PERMIAN- DROWNING OF FORMER YANGTZE PLATFORM
EARLIEST TRIASSIC AND STEF BACK OF MARGIN
100 KM = Position of Yangtze
platform margin

Initial accumulation from latest Permian
of GBG /- through Triassic

- Dysaerabic, siliceous lutites
(Dalong Fm.)

Open marine skeletal
grainstones, packstones,
and patch reefs

Fig. 5 - Schematic cross sections illustrating $atBermian drowning of the Yangtze platform antldhaccumulation of the
Great Bank of Guizhou (GBG) (fronEHRMANN ET AL1998.



10

Another example is the Latemar platform (Italy)stts a middle Triassic flat-topped platform witleep
slopes (up to 35°) and high reli@lARANGON ET AL. (2011)described its structure as being composed by a
most elevated interior area with cyclical peritidaposits that passes, deepening, to a margin doeditvy
boundstones with calcisponges, microbialitégjbiphytes and cements. Cement and Tubiphytes
boundstones also characterize the upper slope wiglewer slope is composed by skeletal packstone
wackestone and margin/upper-slope-derived brecémgshis case synsedimentary tectonics primarily
influenced the initial and successive developmétii@platform: the first nuclei in fact, in thedsAnisian,
grew on the top of a fault-bounded horst carved antolder carbonate bank (fig.6) and was charaetér
by microbial boundstones making lateral transitioislope grainstones and rudstones. Faults comtitaue
control the position of the margins and thus thepghand facies arrangement of the carbonate piatitso

in the successive growth phases of the platfgirETo ET AL 2011).

/; -

Cydlic Fac CF) Microbial boundstones (upper i -
@ D Lower Cyclic Facies (LCF) D shiioa ari] phicicon in_&”g'ﬂ‘ @ m Fault-scarp breccia
@ D Lower Tepee Facies (LTF) @ - Upper Tepse Facies (UTF) @ - Eg‘\‘g{::‘:ﬁb’f:n‘:""e‘ @ T Tepses
@ D Lower Platform Facies (LPF) @ D Upper Cyclic Facies (UCF) ?yﬂ?ﬁ"ﬁ;ﬁbﬁcﬁ‘lgﬁs, @ ;‘;iﬁ;“"‘a”
Contrin Formation : 2 grainstone and
@ E (basement) @ D Middie Tepee Facies (MTF) @ D r;udsione (slopes)

Fig.6 — Latemar platform cross section. Is showsalihception of the platform, which starts on tbp of fault-bounded horst
(A). Fault activity continues to control the positiof the platform margin and the type of slopeodép during the later evolution
(B). (fromPRETO ET AR011)

Also in these Triassic examples the elevation ¢é@dent physiography was important in the locatina
of the platform inception but this linkage is napkined in terms of dependency from light, enviramtal
energy or other factors.

In this research we present the results from theysof the inception stage from another Triassibcaate
platform, whose deposits crop out in Italy. Thg&trarea was identified IBERRA ET AL (2011)as the core
zone of the Esino Limestone carbonate platformeH@uaternary deep fluvial erosion has dissected the
platform bank down to the underlying formations #imais represents a further favorable case forttigys

of the inception stage of high relief carbonatetfpfans. The results of the study are discussed and
confronted with these and others selected caseestudorder to better comprehend the main contols
platform initiation.
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3 - GEOLOGICAL SETTING

3.1 - Geographic position and tectonic setting

The target succession crops out in the Westernh8outAlps of Italy, in the Bergamo Province, alarg
L-shaped belt that extends from Piazzatorre towthéNorth, down along the Brembana Valley to Lenna
town and then Eastwards on the left side of the&@la di Roncobello up to the watershed mountaiiis w
the Seriana Valley (fig.7). The area structuralyomgs to the Southern Alps, the sector of the Alpgh

is comprised between the Insubric line at NorthtiedPo plain at South and which is referred toAhean
promontory. The Southern Alps structural unit imypomsed of a Variscan basement unconformably oderlai
by a thick stratigraphic record that starts withnhR@ Carboniferous continental deposits () and altewed

by Triassic marine carbonate deposits first (ia g@riod many shallow water carbonate platformsgy,
then by Jurassic to upper Cretaceous mostly pelsgiitments (related to the opening of the Ligure-
Piemontese Ocean) and lastly by flyschoid deposligged to the Alpine orogenesys. The Alpine oregen
produced within this unit South-verging folds amdusts, that has fragmented the original stratigap
asset.

10
Kilometers,

F|g 7 - ' Geographlc posmon (red starln the Itemap) and shape (red polygon in the left map) ofthdy area.
The study area in fact is placed at the South amdtWide of an anticline, the Trabuchello-Cabianca
anticline, which exposes at its nucleus the Varisoggtamorphic basement and its mostly continental
sedimentary Permian and lower Triassic successibits Southern margin an important fault systetmg
Valtorta-Valcanale Fault, separates the Paleozm@t Triassic succession from the detached middle
Triassic succession, mostly represented by maanaooates (Fig.8 and fig.9). The target deposithisf
study belong to this domain, which is affected byesal thrusts and faults that shortened the aigin
paleogeography and locally lead to the repetitibthe succession (e.g. Mt. ArerappouL ET AL. 2012,
ZANCHI ET AL. 2012.

11
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Fig.8 — Structural map and cross sections. Notevakorta-Valcanale fault separating the northerostly Paleozoic units (red
in the map) from the southern middle Triassic ubisie in the map). In the cross sections thrustiimthe Triassic deposits
are visible. The study area is highlighted by tekoyv polygon. (frondADOUL ET AL 2012).

Mt. Menna

Middle Triassic marine
carbonates

Paleozoic continental
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o~
t‘(' bs}z-n-.rvﬂkdé:s
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Fig.9 — Panoramic view of the Valsecca di Roncabélbm NE to SW (photo from www.pieroweb.com). Nbéevalley
separating rounded morphologies at North, in théeBaoic domain, and steep calcareous mountainsi(Hsmestone) at South,
in the middle Triassic domain.



13

3.2 - The pre-Esino Limestone succession

The analysis of the succession predating the immegtage of the Esino Limestone is critical toiefits
possible role in the setting of the nuclei of thenB Limestone platform, as well as the bathymetric
conditions that existed when the nucleation toaicel

The middle Triassic deposits that crop out in tiuelg area include different formations and teséifgtory

of changing sea level and depositional environmesitating from the peritidal deposits of an Anfsia
carbonate platform (Camorelli Limestone) the aliestly experiences a drowning, that leads to pelagi
deposition (Prezzo Limestone), and then a shallgwiend, related with the growth of the Ladinian
carbonate platform (Esino Limestone), that evehuastores peritidal conditions. This transgressiv
regressive succession, corresponding to the A2lduesee OfGAETANI ET AL. (1998) includes the
inception stage of the Esino Limestone platform dnsdefore was the object of the present study.

3.2.1 - The Anisian platform

The development of the Esino Limestone platform pr@seded, during the Anisian, by the deposition of
carbonate platform facies referred to as Camokétiestone ASSERETO ET AL 1965; DELFRATI ET AL.
2000. According toBERRA ET AL (2005) this carbonate platform identifies a slow subgidsector,
extending from Val Seriana westwards till the fagital siliciclastic deposits of the Bellano Formatitear
the Como Lake (fig.10). Here prevailing grey tdgeish bedded dolostone with microbialites and &trad
fabric (Camorelli Limestone, corresponding to tMetbro delle dolomie peritidali” aiADoUL AND ROSSI
1982 indicates a peritidal environment. The study aa&es within this slow subsiding sector. A faster
subsiding sector was present instead East of thifopn, from Val Seriana to East Val Camonica. ¢der
planar-bedded dark grey limestones, sometimes weaklular and with thin marl intercalations, beldag
the coeval Angolo Limestone\6SERETO ANDCASATI, 1968 and represent a subtidal bay environment,
below fair-weather wave basesRrA ET AL 2009. Nonetheless also in this sector km-sized shallater
carbonate banks of Camorelli Limestone are pre$&rtTANI AND GORZA, 1989;FALLETTI AND |IVANOVA,
2003. The facies are intrabioclastic packstones wiloipls, Tubiphytesand forams, algal anBubiphytes
boundstones, bioclastic packstones with abundaatri® indicating shallow water carbonate banks with
poorly differentiated environment$&S£ETANI AND GORzA, 1989. Between the slow-subsiding western
sector and the fast-subsiding eastern sector amaliatform margin is recognized IBERRA ET AL 2005

in the presence of small coral framestones. Theradesof breccia aprons indicates anyway a lowfrefie
the platform on the underlying basin.

13
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Fig. 10 — The Anisian paleogeography (LombardypnifBERRA ET AL2005

3.2.2 - The drowning of the Anisian platform

An important transgression, documented in the wh@thian areaGAETANI ET AL. 1986 drove deeper
sedimentation during the uppermost Anisian on Ipdéitform (that drowned) and basin. These sediments
are ascribed to the Prezzo Limestone. The basatdrassive sediments that directly cover both the
Camorelli Limestone peritidal facies and the bdsidagolo Limestone are a very distinctive facies
association known as “Banco a Brachiopodi” (or “€guo Limestone”ASSERETO ET AL1977), consisting

of planar-bedded or nodular bioclastic calcareniiel in crinoids and locally also in brachiopods
(Tetractinella trigonella (JAbouL ET AL. 2012). Grains and bioclasts coated with blue-greenealgad
abundant foramd$2{lammina densandPalaeomiliolina judicariensisare also common featuré&SAETANI

ET AL. 1986. This unit paraconformably covers the Camorelinéstone and conformably overlies the
Angolo Limestone in the basin, where it has beeedaith ammonoidsRieppelitescimeganusZone,
uppermost PelsoniaijONNET, 2009).

The overlying typical Prezzo Limestone, defined AsSERETO ANDCASATI (1965) in Valli Giudicarie,
consists of a well-bedded succession of grey-b&dcglanar limestone beds and clay-marly joiBts (N1,
1992. The thickness of the formation reaches more fitdfhm East of the Seriana Valley (Val di Scalve).
In the area west of Seriana valley the formatiothianer (26 meters or less) or absent. The diffiere
thickness could result from condensed depositiotherplatform top or from lateral transition betwehe
uppermost Angolo-Camorelli limestone and the Preézawstone, but the question is not resolved. (NI,
1992. The Prezzo Limestone is famous for the rich amoitbfauna that allowed precise dating (lllyrian;
BALINI, 1992, but also contains brachiopods, bivalves (Daajelhd gastropod$\ESERETO AND CASATI
1965,CASATI AND GNACCOLINI 1967,ASSERETO1969,GAETANI ET AL 1987,JADOUL ET AL 1992) JADOUL
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ET AL. (2012) suggest for the slow subsiding sector an openmaanvironment, not very deep, with
restricted circulation at the bottom. This area prabably adjacent to the first carbonate nucléhefEsino
Limestone platform: debris flows with platform-dexd material are in fact reported in the lower péthe
Prezzo Limestone in the Grigne Massif area fr@meTANI ET AL. (1986) documenting the early
development of the first Esino Limestone nuclei #rallateral transition between the two formatiorise
Prezzo Limestone is conformably covered in the rassector by the prograding Esino Limestone while
in the east by a succession of basinal formatio@sBuchenstein Formation, Wengen Formation, Berle
Varenna Limestone).

3.3 - The Esino Limestone

The Esino Limestone is a Late Anisian? to EarlynZar carbonate formation of the Southern Alps that
crops out in a 100km wide and 20 km high belt betw#he Como Lake, at West, and the Garda Lake, at
East (fig.11). The formation reaches a maximumkiiess of more than 800 meters (Val Camonica and
Pegherolo Massif) and records the life cycle, fiopeption to demise, of a high relief carbonatefptan

in response to sea level chang@sHRA ET AL 2017).

0 10 20 Km Sudy &

— _ frea ’ egh

I

E Basinal carbonate facies persisting until the end of the Ladinian '-: . BT ~'
.| Upper Ladinian progadational platform margin/slope carbonates %? & \ V
LLJ
h_l_“ Ladinian shallow water carbonaler}platforrn facies f\l Trace of stratigraphic sections in Fig. 2

% Main direction of progradation /ji\ Ladinian volcanic centre 3886  Volcanoclastic input

ki ;.Héfudy area

Fig.11 - Paleogeographic distribution of carbondiighs and intraplatform basins in the Lombardy Beat the end of
the deposition of the Esino Limestone. In the ins®t Lombardy Basin; Do: Dolomites; Ju: Julian AlpFromBERRA
ETAL2011
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Evolutionary stages N Platform
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—BUG
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Fig.12 — Schematic facies distribution along twatijraphic sections across the study area (Pegloektassif—Middle
Val Brembana). The trace of the stratigraphic sawsiis indicated in Fig. 11. On the top right, mpliified stratigraphic
diagram summarizes the stratigraphy in basinallftjgand platform top (left) settings. ANG: Angolmiestone; CAM:
Camorelli Limestone; PRZ: Prezzo Limestone; BUCcH&nstein Fm.; PDV: Perledo-Varenna Limestone; WEN:
Wengen Formation; ESI: Esino Limestone, consistifig) bedded inner platform facies; b) massiveclaistic facies
(open platform); c) reef belt; d) slope breccia;K Calcare Rosso; LOZ: Lozio Shale; BRE: Brenoration; CMB:
Calcare Metallifero Bergamasco; GOR: Gorno Formati&romBERRA ET AR011

The huge sediments of the formation have been ibesicand subdivided first bjADouL ET AL. (1992)and

later byBERRA ET AL 2011into different parts, that are related with theletionary phases of the carbonate
platform. The main part of the Esino Limestone @snposed by the “growth phase” of the carbonate
platform (fig.12, lla and IIb), which initially digays a prevailing aggrading trend, during fastsgression,

and then a prevailing prograding trend, duringession. In this major phase the platform reaclsdsghest
plaform-to-basin relief (up to 550 m) on the sumding basins and acquires its characteristic hatjlefr
rimmed architecture, crossed by intraplatform basind seaways and facing a deep ocean. Three main
facies belts can be recognized in this carbonaséesy BERRA ET AL 2011) during its aggradation to
progradation stage:

A) theinner platform faciedirstly developed above the nucleation areas hed enlarged toward

the basinal areas as a consequence of platformgotatipn (fig.12). They are composed of thick
bedded subtidal limestones (intra-bioclastic pawkes} with dasycladaceans, crinoids and mollusks,
oncolitic rudstone and stromatolitic bindstone. §&éacies become massive and coarser near the
reef belt, where energy was higher and skeletapommnts more abundant, also accumulated from
the open sea.
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B) Thereef faciess preserved in a narrow belt (fig.12) and is coegal by massive limestone and
patch reefs with meter-size coral framestone aasatiwith calcisponges and intrabioclastic
packstone, together witfubiphytesand microbial mounds.

C) The reef facies is bordered basinward bystbpe faciegfig.12), represented by a monotonous
succession of massive to crudely bedded, clinafgtcit clast-supported intraformational breccia
deposits. The sediments originated by fall of upistaortions of the upper slope and reef belt. The
slope was 25° to 35° steep. Both the reefal faaelthe slope facies are characterized by a peevasi
network of cavities partially or totally filled wit marine cementsFRISIA-BRUNI ET AL. 1989
precedently described as “grossoolith”®yrMAN, 1971 0r “evinosponge” bystopPANI, 1858).

Coeval with the Esino Limestone are different balsformations (fig.12). The prograding slope faciés
the Esino Limestone cover and interfinger with Brezzo Limestone, the Buchenstein Formation (cherty
limestones with thin tuffitic layers), the Perleddarenna Limestone (dark bedded intraclastic paciestp
and the Wengen Formation (volcanoclastic deposiisrasedimented limestones).

Close to the Ladinian-Carnian boundary the EsindQaate platform came to a sudden end due to aeari
regression that subaerially exposed the top ofptaform to weathering. The platform was overlaid b
reddish carbonate deposits (Calcare Rosso) chaemcieby karst structures, paleosols, collapse and
sedimentary breccias, vadose cements and sedimeatitees up to 10 m deep and filled with marly
limestones. In the basin the demise of the platfrmnarked by the deposition of shales and sileston
(Lozio Shale), which also cover the slope brecfitasRra ET AL 2011).

3.4 - The Inception stage of the Esino Limestone — previous studies

The inception stage of the Esino Limestone is ifiedtby JAbouL ET AL. 1992in a thin layer (50-60 meters
thick) at the base of the formation. This layesa#ed bylabouL ET AL. 1992(fig.13), consists of light to
dark grey massive, bioclastic and intraclasticaanites (their “lithofacies association 1a”) amklastic,
fossil-rich limestones with brachiopods, gastropgaslecypods, ammonoids and crinoids (“lithofacies
association 1b”, corresponding to the “Lumachell&tegna” ofTommasi 1911,1913. These deposits
represent the first evidence of platform producafter the drowning documented by the Prezzo Liorest
and were assigned to a transitional environmenwdet the platform and the basin. At the same time o
immediately after is the development of the firgefs, built by organisms lik&ubiphytes and the
development of an inner platform area, charactdrimewell-bedded limestones and dolomitic limestne
organized in peritidal cycles (“lithofacies asstioa 2” of JADOUL ET AL. 1992 with stromatolites, fenestral
cavities, tepees and radial fibrous cements ("@gyiof ASSERETO& FoLK, 1980. According to the
authors the inner platform “lithofacies associat@¥nprobably interfingers with the margin “lithofes
association 1b”, some tens of meters above thd pageof the formation.
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Fig. 13 - Lithostratigraphy of the Middle Triassaccession of the Val Brembana. Lithozone 1, 234iodm the inception stage
of the Esino Limestone. Lithozone 1 are light tokdgrey massive, bioclastic and intraclastic caleaites and/or bioclastic,
fossil-rich limestone with brachiopods, gastropagislecypods, ammonoids and crinoids (Lumachell@higna); Lithozone 2
are well bedded limestone and dolomitic limestongawized in peritidal cycles with stromatolites afehestral cavities;

Lithozone 3 are massive bioclastic limestone artdipeeefs with Tubiphytes and Porostromata. (fiamouL ET AL 1992).

The inception of the Esino Limestone platform wastmlled, according tdabouL AND ROsSsI(1982),by
the existence of paleohighs and less subsidens.arée interepretation was lately accepteddnouL ET
AL. 1992 who highlighted that nucleation sites were alyeatlaracterized in the Anisian by peritidal
deposition (Camorelli Limestone).

Also GAETANI ET AL. 1986in an easternmost area (Grigne), report the peesehthe Esino Limestone
directly overlying Anisian peritidal deposits (Dahia dell’Albiga). Here the base of the Esino Linoes

is composed by prevailing massive micrite-rich kaetic packstones that are partially stabilized by
Tubiphytes and blue-green algae, with porifers emchls being minor contributors. According to these
observations the authors suggest that the platiioitrated as a subtidal sandy carbonate bank witftdd
relief on the surrounding areas. Above these bdeabsits the platform continued its growth develgpi
the high relief morphology, characterized by difesd subenvironments and lithofacig2aGNI FRETTE,
1993.
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4 - METHODS

The study of the inception stage of the Esino Limes platform required a fieldwork campaign, inerd
to describe in detail, across the study area,tthéigraphic interval at the base of the platform.

2,5 5
Kilometers

; j‘{,

“Pijazza Bﬁemiaanq =
o y_

Mt. Arera
A

Fig.14 — The position of stratigraphic sectionsugbldots) within the study area (red polygon). Eatfatigraphic section is
labelled with a code, which is used in the text.

Detailed geological maps at 1:50°000 and 1:10'0€éles@INI ET AL. 2012;JADOUL ET AL. 2012), showing
the surface distribution of the target formatiomsre used to identify where the base of the Esimektone
is exposed.

Twenty outcrops were selected at the transitiomftbe Camorelli Limestone to the Esino Limestone
(fig.14). Outcrop quality is very heterogeneousnbeenerally poor at low altitudes due to debnd Borest
cover (exposures are commonly confined to wates)rcatt higher altitudes instead formations are well
exposed and often also panoramic views on the ssiceeare possible. In these cases, the contrastiig
quality of the formations is best evident: Camotghestone and Esino Limestone, very solid, temfbtm
steep inaccessible cliffs, while Prezzo Limestaonbatween, softer (marly limestones and marlg)ften
gently inclined and partially covered by soil obde (fig.15).
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Fig.15 — The studied interval at Mt. Menna straéighic section (MN1). CMR: Camorelli Limestone; B&nco a Brachiopodi;
PRZ: Prezzo Limestone; ESI: Esino Limestone. A higgle fault (red dotted line) dislocates the sssgan (arrows indicate
relative movements of the blocks). Human figureséale.
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More than 600 rock samples were collected fromstinatigraphic sections and observation points. The
samples were cut and described at the macroscogie with a lens. A selection of these samples were
destined to peel and thin section preparation.Pg&ls and 191 thin sections were eventually rehbrel
then described at the petrographic microscope.

Microfacies were described following the guidelirzesl the modified Dunham classification scheme from
LOKIER AND JUNAIBI (2016) Percent estimation of different grains abundavmas made by means of visual
comparators. Bioclasts and fossils were identifrethin sections. With regards to these last grairthis
work we use “fossil” to indicate the entire skeletanain of a living being (e.g. foraminifer shelisvalve
and brachiopod articulated shells) while we useclaist” or “skeletal grain” to indicate a broken or
disarticulated skeletal part of a living being (eagsingle valve or a fragment of a bivalve srekpine of

an echinoid)

The wet cut surface of rock samples was digitatiyusred with a table scanner or with a camera,rpgdo
the preparation of the thin sections. From thesees the average RGB value of the carbonate nveaisx
measured with a graphic software package (AdobéoBhop CS2) in order to objectively compare color
trends along the different stratigraphic sectiams @ keep a record of the original sample.

The data collected from macroscopic and microscolpservations filled a database (based on MS Agcess
that was used for rapidly recognize the distritmutof grains and characteristics as well as fougirmg and
characterizing the lithofacies.
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5 - RESULTS

The stratigraphic sections recorded during thelfekk in the selected outcrops are illustrated wligtail
in Appendix 1. The facies analysis allowed theidgtion of 5 lithological units:

1) Camorelli Limestone

2) Banco a Brachiopodi

3) Prezzo Limestone

4) Basal Esino Limestone
5) Peritidal Esino Limestone

whose main characteristics are resumed in fig.16.

Stratigraphic unit Code Thickness Lithology Key features

| o Bedded (horizontal)
I Light grey color
[
]

- hundreds of meters Limestone Stromatolites, fenestrae, oncoids
Scarce fossils
[ ‘ ‘ Marine cements

ESINO LIMESTONE ESIP

I
PERITIDAL I
I
]

Poorly bedded (horizantal)
Light grey color

Scarce fossils

Oncoids and Dasicladaceans

up to 50 meters Limestone

Poorly bedded (inclined about 20°%)
Grey to brownish color

up to 50 meters Limestone Scarce fossils

Margin-builder

BASAL Little cemented cavities

ESINO LIMESTONE

Poorly bedded (horizontal)

Dark grey to grey color

up to 35 meters Marly limestone Abundant skeletal grains {echinoderms
in particular)

Oncoids and coated bioclasts

Bedded (horizontal)

up to a few meters Marly limestone Black or dark grey color

Local bioclastic lags (broken shells
and gastropods)

Bedded (horizontal)

Black or dark grey color

up to 18 meters Marly limestone Scarce fossils (mainly Ammonoids and
and marl brachiopods)

Local bioclastic lags (broken shells
and gastropods)

PREZZO LIMESTONE

Poorly bedded (horizontal)
Sediments bioturbation and
up to 11 meters Marly limestone brecciation

Black or dark grey color
Abundant skeletal grains

BANCO A BRACHIOPCDI
Poorly bedded (horizontal)
Sediments bioturbation and
up to @ meters Marly limestone biefectatio

Black or dark grey color
Scarce fossils (mainly ostracods and
forams)

Bedded (horizontal)
Light grey color

CAMORELLI LIMESTONE | CMR T tens of meters Dolostone Stromatolites, fenestrae
/ / Scarce fossils (mainly ostracods and
/ z

forams)

Fig.16 — The table presents the unit and suburitaision of the studied interval and their keyttgas.

The stratigraphic sections, despite are distribiegh area that is intensely interested by alp#eéonics,
mostly belong to the same thrust sheet (Menna-Mastetonic unit oF ANCHI ET AL. 2012). This implies
that the stratigraphic sections can be correlatebtlae present-day distances among them can bslgros
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considered as original distances. The Arera Massatfigraphic section (AR1 in fig. 14) instead bags to
an overlying tectonic unit, thus in our reconstician original northernmost position has to besadered.

The correlation of the stratigraphic sections wasfqmed using the units and sub-units subdivision
described in fig. 16 and later in this chapter,ahhieflect homogeneous subenvironments/environrhenta
conditions. The result is a cross section (Coriategcheme 1) of the area showing the distributicspace
and time of the deposits of the different subenviments. The reconstruction of the evolution ofdhea,
after the Anisian platform drowning, is constrairigda few time lines, consisting of volcanic eveats
biostratigraphic events, which are later discussdbe text (chapter 5.3).
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Correlation Scheme 1 — Raw Data

Correlation Scheme 1 (in the next page): The figin@ws the raw correlation of the stratigraphictsats (labels on the bottom;
detailed stratigraphic sections are illustratedtire Appendix) according to the formations/unitsduision presented in chapter
5.1; See fig.16 for quick reference of the formadianits. CMR: Camorelli Limestone; BB1: Banco a®&riopodi — Lithofacies
1; BB2: Banco a Brachiopodi — Lithofacies 2; PRZe#zo Limestone; ESIBO-1 to ESIB3: subunits oBémeal Esino Limestone
(the subunits ESIBO and ESIB1 are represented hegetuse of the thinness of the ESIBO); ESIP:tidlatiEsino Limestone.
Time lines are represented by 1) the top of the @alin Limestone, 2) the Pilammina densa Acme irdk(yellow line), 3) the
T1 tuff layer (red line). The vertical black linespresent the extension of the stratigraphic sestidNote that, despite the
stratigraphic sections share a similar vertical &umn through the different formations/units, cmesable thickness differences
exist across the study area.
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5.1 - The Succession
This chapter describes the units and subunitsctirapose the stratigraphic succession.

5.1.1 - Camorelli Limestone (Anisian Carbonate platform)
In this study only the topmost part of the formatwas described.

Previous studies

In the arealaDoOUL ET AL. (2012)describe the upper part of the formation (“Dolof&ritidali” of JADoUL

AND Ross| 1982 andJADOUL ET AL. 1992 as a planar-bedded (beds are pluricentimetereiemthick)
succession of cyclic subtidal-peritidal limestonadadolostone characterized by dasycladaceans,
stromatolitic laminae and loferitic breccias. Eatblomitization occurs in the inter-supratidal vi&s and

IS pervasive close to the top of the formation.

The fossil content, according fapouL ET AL. (2012) includes dasycladaceans and benthic foraminifers
(Meandrospira dinarica, Trochammina almtalensis, Bsaria sp., Endotriadella sp., Diplotremina
astrofimbriata, Duostomina sp.The Camorelli Limestone in the study area is di@elpper Anisian
(Bithynian-PelsonianBERRA ET AL 2009.

Characteristics

In the study area the uppermost Camorelli Limestsm@esuccession of amalgamated or poorly bedd&d (1
cm to 1.5 meters thick) light grey or grey dologtpmvhite-yellowish on weathered surface (fig.15).
Horizontal planar bedding is highlighted by stroatiic laminations (fig.17, B; fig.18, A and B) day
distinct calcarenite or doloarenite layers (fig.AJ,

Calcarenite and doloarenite are fine to coarsegdhand at the microscope the microfacies encompass

» Ooid Packstone and Grainstone (fig.19, C). Skelgtains and fossils are almost absent.
Normal and inverse grading are common, visiblehat acroscopic as well as at the
microscopic scale. Oncoids are rare. Fenestraicfedcommon.

* Peloid Packstone and Wackestone (fig.19, D). Skletghins are rare and include crinoid
ossicles, bivalves and dasycladaceans. Fossitat@as well and include ostracods, benthic
foraminifers and gastropods. Fenestral fabric mmon (fig.18, D).

Stromatolitic dolostone are:

e Laminated Microbial Boundstone. Thin irregular lamtions and, sometimes, laminoid
fenestral fabric are visible at the macro scalg.18, B). Microbial filaments are locally
recognized at the microscope. Pervasive dolomitizas common.

Loferitic breccias (fig.18, A) typically charactee both microbial and granular deposits of thiseupart

of formation. In the Valcanale stratigraphic sect{¥ C1) a thin body (about 2 meters thick) of biatsxd
peritidal limestones in a dark dolomitized muddytmxa(fig.17, C; fig.18, C) characterizes the boangd
with the overlying Banco a Brachiopodi, that is éneand everywhere marked by the sudden and
paraconformable deposition of dark sediments.
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Fig.17 — Camorelli Limestone in the outcrop. A) é&igrained doloarenite beds. The lower bed shows faarizontal current
lamination. The upper bed is punctuated by fenestuities that increase in density upwards. Olnh@eembo stratigraphic
section (OB1). B) Stromatolitic dolostone at Codwlle Coste stratigraphic section (CC1). Microblaiinae, highlighted by
the alteration of the surface, are flat or wavy. £)breccia deposit overlying, with slight erosioredundary, mid-grained
doloarenite with fenestrae. Breccia clasts (pestidioloarenite) float into a dark fine-grained dstone matrix. Valcanale
stratigraphic section (VC1). This is interpretedaastorm deposit (see also Fig.18-C).
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Fig.18 —Cut samples from the Camorelli LimestoAgLaminated microbial boundstone. Microbial lamérare thin and planar.
In the upper part the boundstone is broken in eritt breccia. Sample TX111f. Lenna stratigrapgection (LN1). B) Laminated
microbial boundstone with laminoid fenestral fabi@rinkled microbial laminae. Sample TX445. Mongt Slole stratigraphic
section (MS1) (See microfacies in Fig.19, A and®B)Dolostone breccia. Breccia clasts (ooilitic datenite [ooid packstone])
are floating in a dark fine-grained dolostone mativith crinoid ossicles (dark small grains). Samplg105. Val Canale
stratigraphic section (VC1). D) Two fine-grainedicenite layers (peloid packstone) with fenesfeddric. The light grey
horizontal boundary in the middle of the sampla ®ibaerial exposure surface. The lower layer rexssd and large fenestrae.
This layer is covered, with unconform boundaryalbgyer with small fenestrae and faint laminatiofsge microfacies in Fig.19,
D). Sample TX400b. Canale delle Betulle stratigiapgection (CB1). The pink rectangle is 29 x 48 mm.
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Fig.19 — Microfacies of the uppermost Camorelli eBtone. A) Microbial boundstone. The structureut by dark irregular
to globular micritic masses. In the middle of thefw is present a big fenestral cavity with recajlsted geopetal infilling. Cross
polarized light. Sample TX445 (Fig.18, B). Monté Slale stratigraphic section (MS1). Scale bar i® 0n. B) Close up of the
microbial boundstone reveals clots and dark ligedoids with indistinct margin (clotted peloidalarite). Sample TX445 (Fig.18,
B). Monte del Sole stratigraphic section (MS1).I8¢r is 100 um. C) In the lowermost part is opatkstone. In the central
part is ooid grainstone. Ooids are dark (micritizexhd variable in size but have a general goodc#ln. Bigger ooids have
thin cortexes (surficial ooids). A big fenestralvitg with geopetal infilling is visible in the lowpart. Vertical calcite-cemented
fractures are late diagenetic. Sample TX510. Oliidrambo stratigraphic section (OB1). Scale babs®® pum. D) Detail of the
exposure surface showed in fig.18, D. The undeglgeloid packstone with fenestral fabric is ovetlhy a finer-grained peloid
packstone. The boundary between the two packstgreslis characterized by a thin alteration bandhie topmost part of the
lower layer, that highlight the grainy texture. SaElmmTX400b. Canale delle Betulle stratigraphic 8at{CB1). Scale bar is 500
pm.

Environmental interpretation

The sediments refer to peritidal environment, wsitibtidal to supratidal deposition. The recurrenefgral
fabric and loferitic breccias indicate frequent aeibal exposuresSERDES AND KRUMBEIN, 1994), that are

also probably responsible for the reported verycgcéauna.
The macroscopic and microscopic features indicate low and high energy conditions:

e Laminated microbial boundstone and peloid wackest@md packstone can be ascribed to a quiet
algal flat, distant from the platform margin (break zone). The water was very shallow,
environmental energy was low (closed-texture sedig)eand subaerial exposure was common.

» Ooid packstone and grainstone could be referredadgo wide tidal channels entering the platform
or more likely, as cross cutting relations are meveserved in the outcrop, to storm events
transferring sediments from the marginal zone efglatform to the interiors.
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* One (or more than one) higher energy storm eveptalably responsible for the accumulation of
the peritidal-dolostone breccia in the Valcanalatgraphic section (VC1), reflecting a major
exposure of this eastern sector to open-sea irdkien

We thus consider, in substantial agreement withptieeious authors, the topmost Camorelli Limestone
deposits as being associated with a very shallagaiet platform top, dominated by algae and psloid
subject to recurrent subaerial exposure and to éingingy deposition for marine incursions from tpero
sea during storm events.

5.1.2 - Banco a Brachiopodi

The Banco a Brachiopodi is formally included wittihe Prezzo Limestone formatiodApouL ET AL.
2012, nonetheless in this work we separately desdtrifloe the different facies and microfacies asseagbl
as well as different paleoenvironmental interpretat

Previous studies

The Banco a Brachiopodi (or “Cimego Limeston®5seRETO ET AL1977), is a thin (up to 15 meters thick)
unit that is extensively recognized in Lombardyabthe Camorelli Limestone or the Angolo Limestone
and is characterized by bedded or nodular caldarénh in crinoids, brachiopod$dtractinella trigonella
and foraminifersRilammina densandPaulbronnimannia judicariensijSGAETANI ET AL. 1986)

In the study area the unit is describedIbyouL ET AL. (2012)as a 0,5 to 4 meters thick body of dark grey
limestone, bioturbated at the base, and bioclasticarenite rich in crinoids and locally in bragioaols
(Tetractinella trigonellaScHLoTHEIM, 1820. The reported microfacies are bioclastic packstamd
rudstone with prevailing crinoids, bivalves anddbriapods, peloids, benthic foranRilamminasp.) and
rare dasycladaceans. This body paraconformablytése peritidal deposits of the Camorelli Limestp
the surface being locally erosional with thin biadayers or red clay drapes.

Characteristics

In this work we include in the “Banco a Brachiogoirm all the deposits that lay between the toghef
Camorelli Limestone and the base of the typicakByd_.imestone (fig.15). This unit is easily distinghed

in the field from the underlying and overlying faations for its typical aspect: the lower boundaithwthe
Camorelli Limestone is a sharp paraconformity $egtarates the dark grey-blackish deposits of tlite un
from the underlying light-colored limestone. Thepap boundary with the Prezzo Limestone, also a
paraconformity, separates the non-bedded depddite ainit from the overlying well bedded limestene
The Banco a Brachiopodi in fact commonly lack distibedding and have a bioturbated or brecciated
sediment texture (the sediment is broken in pi¢tasat places show a plastic or fragile behavishjich

is also highlighted by light grey or ochre colopatches (fig.19). The thickness of the unit inghely area
ranges from 1.8 meters (Piazzatorre stratigrapdotian - PT1) to 19.3 meters (Corna Piana strailga
section — CP2).

Within the Banco a Brachiopodi two main lithofaces be distinguished, reflecting different micées
and also different stratigraphic positions: Lithoés 1 tipically constitutes the lower part of tivet, while
Lithofacies 2 constitute the upper part.
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Lithofacies 1 (fig.19, A and B; fig.20, A; fig.21A to D): Amalgamated or poorly bedded
(centimeters to tens of cm) grey to blackish manhestone. These are carbonate mudstone or very
fine to fine-grained calcarenites. Macrofossils scarce (rare gastropods and brachiopods). The
sediments are commonly bioturbated and/or fragndemt® a breccia-like deposit (the matrix is
generally dolomitized and clasts subrounded). Thoeafacies (14 thin sections) include:

» Carbonate mudstone

» Peloid packstone with ostracods and foraminifers

» Packstone with extraclasts (mainly quartz and muigegrains)

» Bioturbated peloid packstone and wackestone wittaosds, foraminifers and fenestrae

» Pseudobreccia-rudstone of peloid packstone and esémke with ostracods and

foraminifers. The matrix is peloid packstone, caidite mudstone or crystalline dolostone.

Skeletal grains (ostracods, bivalves, crinoidsirgasds, brachiopods) are rare while fossils (less
than 5%) are mainly ostracods and benthic forammigi{typical ar€eendotriadella wirziK OEHN-
ZANINETTI, 1968andMeandrospira dinarical OCHANSKI-DEVIDE & PANTIC, 1965. Small vegetal
fragments are common. Fenestral cavities, evappstudomorphs and possible rizoliths are
sometimes present. Detrital quartz and mica gi@aitior very-fine sand size) are commonly present
but do not exceed 5%.
These sediments commonly directly cover the Carhioteghestone top. Transported cm-size
fragments of coral colonies are found only at the Menna section (MN1) within a brecciated
interval (fig.19, B).
Lithofacies 2 (fig.19, A and C; fig.20, B; fig.2E to F): Highly bioturbated dark grey marly
limestone, massive mottled or with ondulated-nodbidding (centimeters to tens of cm). These
are very fine to mid-grained calcarenite. Burrowrtels, commonly dolomitized, are highlighted on
the rock surface by a typical ochre alteration coBometimes brittle deformation of the sediment
is visible. Macrofossils include gastropods andchigpods(Tetractinella trigonella) Vertebrate
bones and fish teeth are also locally found. Eathénian fragments (in particular crinoid ossicles) are
locally abundant. Sparse oncoids and coated biscdae locally present (Corna Piana stratigraphic
section — CP2). Microfacies (14 thin sections) are:

* Micritized Intraclast Packstone and Grainstone withrce crinoid ossicles and fragmented

shells

¢ Pilammina dens&ackstone with crinoid ossicles and fragmentetsshe

* Peloid Packstone with abundant bioclasts.
Grain sorting can be good and bioclasts and irgséslcommonly show evidence of reworking
(micritized and rounded borders, borings). Skelgpalins include crinoid ossicles (generally
prevailing, up to 30%), gastropods, sponge spi¢eldsnid radioles, thin and thick shelled bivalves
brachiopods, vertebrate bones, fish teeth. Smajetad fragments are common. The benthic
foraminifer Pilammina densas generally present and locally can be the mamsttent of the
sediment (fig. 20). Detrital quartz and mica grgsik or very-fine sand size) are commonly present
but do not exceed 5%. The sediments of this littiefa fit the typical Banco a Brachiopodi
description from the precedent authaes€TANI ET AL. 1986;JADOUL ET AL. 2012).
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Banco a Brachiopodi - Lithofacies 2
Average Fossil-Skeletal grain composition

Others
6%

Crinoids
31%

3%

Gastropods
9%

Pilammina densa
43%

. Brachiopods
Bivalves 2%

6%

Fig.20 — The pie chart shows the average fosss pkeletal grain composition of the Banco a Brapbiti — Lithofacies 2. For
this estimation only the observed thin sectionseveensidered. Note that the benthic foraminifeafimina densa is generally
abundant, followed by crinoid ossicles and gastiypo

Marl, calcareous siltstone or sandstone beds ({figX are sometimes found isolated, intercalatatiiwi
this unit (e.g. Olmo al Brembo and Mt. Menna sgia@phic sections). Their thickness does not ex8&ed
cm. The color is grey with a brownish alteratiomocoThese sediments are commonly rich in quartk an
muscovite and devoid of macrofossils. Current pldaainations are sometimes visible.

One thin section (Sample TX512, Olmo al Brembotigfraphic section — OB1) from one of these beds
(marl) confirms the presence of quartz and micangr&stimated in 30% of the total volume. Othanerals
are not found. Skeletal grains are scarce and ynaidlude shell fragments. Ostracods and foramigiéee
scarce as well.
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Fig.21 — Banco a Brachiopodi in the outcrop. A) mto shows a detail of the succession in figMBX). In the lower part
the brecciated grey limestone (very fine-graineld@aenites) of the lithofacies 1. The structuréighlighted by ochre alteration
color of the dolomitized matrix of the breccia. &bdhis is the massive amalgamated and bioturbrteestone (fine to mid-
grained calcarenites rich in crinoid ossicles) whbfacies 2. Dolomitized burrows are evident floeit ochre alteration color.
Mt. Menna stratigraphic section (MN1). The yelloticls is 90 cm tall. B) Brecciated limestone (litaces 1) at Mt. Menna
stratigraphic section (MN1) showing allochthonowsat colonies. C) Highly bioturbated limestonel{tifacies 2). Darker little
grains are crinoid ossicles. Partial dolomitizatigmhighlighted by the typical ochre alteration anlMount Arera stratigraphic
section (AR1). D) A fine-grained sandstone beda@alated within the Banco a Brachiopodi. Horizonl@mhinations are visible.
Mt. Menna stratigraphic section (MN1).
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Fig.22 - Cut samples from the Banco a BrachiopodLithofacies 1: sample TX403. The clasts of thek dgiey brecciated
limestone (fine-grained calcarenite) are within eey dolostone matrix. Canale delle Betulle stradiginic section (CB1).
Microfacies detail in fig.23, C. B) Lithofacies@ample TX194. Highly bioturbated fine-grained cadrdte with crinoid ossicles.
Partial dolomitization (altered in light brown calfphighlights bioturbation. Mt. Menna stratigraphigection (MN1). Pink
rectangle is 29 x 48 mm.
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Fig.23 — Microfacies of the Banco a Brachiopodi-BALithofacies 1; E-F: Lithofacies 2. A) Pseudobec& of peloid packstone
in crystalline dolostone matrix. At the centerla# photo is visible the benthic foraminifer Mearspioa dinarica. Sample TX506.
Corna delle Coste stratigraphic section (CC2). &dadr is 500 pm. B) Peloid packstone with calcgaiented fenestral cavities
and benthic foraminifers (a: Endotriadella wirzi; Meandrospira dinarica). Sample TX402. Canale el@ktulle stratigraphic
section (CB1). Scale bar is 500 um. C) Close upetdid packstone of fig.22, A. Oval peloids areéblésin the zones where
calcite cement fills the intergranular porosity. Astracod with calcite-cemented internal cavitpiiesent on the right. Sample
TX403. Canale delle Betulle stratigraphic secti@B(). Scale bar is 100 um. D) Peloid packstone wéthacods and evaporite
pseudomorphs (a: possible dolomite crystals). Sampl506. Corna delle Coste stratigraphic sectio€2L Scale bar is 500
pm. E) Peloid packstone with abundant echinodemgrfrents (a; mostly rounded and star-shaped crirussicles), often
showing abrasion traces. Also thin shell fragmets present. A thick mollusk shell fragment (bipterested by micritization
at the border. Peloids are visible and constitlte main part of the sediment. Sample TX310. Coella €oste stratigraphic
section (CC1). Scale bar is 500 um. F) Peloid ptmies with abundant foraminifers and sparse bioda§ne oncoid (a) is
present, with a bioclast as nucleus and a dark itiécand asymmetric coating. The benthic foraminPéammina densa (b) is
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abundant. Two gastropods are recognizable and ajspl darker sediment filling the internal cavityropably evidence of
redeposition. Sponge spicules are also presenS@ahple TX111b. Lenna stratigraphic section (LIS$tple bar is 500 pm.
Environmental interpretation

Lithofacies 1: The dark color and the fine-grairtexture of the deposits indicate low energy aratce
oxygenation, that is also reflected by the scaossif content. The local presence of fenestraesiples
rizoliths and evaporite pseudomorphs indicate aonat subaerial exposure and sometimes restricted
highly saline conditions. This evidence constratims deposition of this lithofacies to a very shallo
environment: being the first deposits above the @aith Limestone, we argue that early marine
transgression turned the platform top into a vegllew and quiet lagoonal area. Restricted conuafitiwere
probably induced locally by weakly irregular bottomrphology coupled with eustatic variations. Sezhin
brecciation instead is a probable consequenceohswaves entering the lagoonal area and disturthieg
partially consolidated bottom sediments. The figdad transported corals within a brecciated inteima
the Mt. Menna stratigraphic section (MN1) suppdints interpretation.

Lithofacies 2: The high bioturbation and the aburig&eletal content, often showing evidence of mng
(mechanical abrasion, micritization, borings), pama deeper and agitated environment. Nonethéhess
sediment is dark and rich in mud. Sparse almostionched vertebrate bones recovered from this litippl

as well as the occasional brecciation indicateyeegmentation. Comparable sediments are the middle
Triassic “vermicular limestones” of the Tatra Moains (Poland) oflAGLARZ AND UCHMAN (2010) who
interpreted them as deposited below fair-weathemwsase in hypersaline waters on the restrictetdgbar

a carbonate ramp. AlISBEREZLOPEZ AND PEREZVALERA (2012)faced with similar amalgamated and
bioturbated Triassic sediments in the Betic Coedll (Spain) and interpreted them as storm-winnowed
deposits below fair-weather wave-base in a lowgnkxgoon or restricted sea. In a similar way werjoret
these sediments as subtidal (between fair-weatiestorm wave-base) sand shoal deposits accumulated
by storm events in an open low energy lagoonal ar#ahighly saline water.

5.1.3 - Prezzo Limestone

Previous studies

In the study aredDpouL ET AL. (2012)reported the discontinue presence of the formatitth a maximum
thickness of 26 m. The formation is a rhythmicatcassion of black marly micritic limestone beds
(thickness is in the order of decimeters) with sdbwated micaceous marl interbeds. The formation
gradually but rapidly passes upwards to the Esintektone or to a facies that is transitional betwibe
Esino Limestone and the basinal Buchenstein Foomakiear the transition to the Esino Limestoneaintr
bioclastic packstone with rare dasycladaceans ewdrked ooids are described. In the upper parhef t
formation also bio-intraclastic packstones and intircalations are reportedhOOUL ET AL. 2012). Within

the study are®ALINI (1992) studied the ammonoid fauna along one stratigrapbition at Mt. Menna,
reporting a 24 meter thick succession of alterngteg-blackish limestone (7-18 cm thick beds) arel/g
marl or black shales (20-30 cm thick beds) oftetihwiavy bedding surfaceBALINI AND RENESTO(2012)
then, dealing with the dating of some vertebrateaies, described another stratigraphic sectiorhm@s$t

of Piazza Brembana town, reporting a 17 metersessoon of alternated limestone and marl/shale beds
with a bed thickness of 10-15 cm.
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Characteristics

In the study area the formation is a successiotiadk grey-blackish limestone or marly limestone ed
(commonly between 5 and 20 cm thick, sometimesisting of aligned nodules) with black marl interked
(commonly about 10 cm thick) (fig.24, A). Beddingfaces are commonly wavy-nodular (fig.24, B). The
limestone has mud to very fine sand grain-sizeh wgarse macrofossils including cephalopods (mostly
ammonoids [fig.24, C]; orthocones are rare) andhicpods and sometimes with small mud clasts. itb th
sections from the limestone beds of the Prezzo sfiome have been described and the microfacieg%fig.
A) are dominated by:

» Peloid Carbonate Mudstone or Peloid Packstone stitince pelagic fauna
» Bioclast Wackestone with pelagic fauna.

At the microscope small benthic foraminife@phthalmidiumis typical) and ostracods are also
observed. Skeletal grains are sparse, generafiythes 10% and include brachiopods, thin-shelled
bivalves, ammonoids, ostracods, crinoids, bonaggtead frustules. Tiny quartz and mica grains are
also commonly present but together they don’'t ex@8é (estimated).

Locally the unit has local concentrations of braploids and more frequently it has cm-scale layextsate
enriched in gastropods and thin-shell fragmentdafpe bivalves). At the microscope (fig.25, B) the
microfacies are:

» Bioclast Packstone and Wackestone with abundantstielled bivalve and gastropod
fragments.

Skeletal grains can be very abundant within thisrafiacies and locally reach 50% of the volume,
with thin-shelled bivalves and gastropods beiniisgly dominant. Within these layers gastropod
shells are locally filled with a darker mudstonarttthe surrounding matrix. Rarer skeletal grains
(less than 5%) include crinoid ossicles, brachigp@thinids, thick-shelled bivalves, ammonoids,
vegetal frustules, vertebrate bones and fish teeth.

Grading and laminations are rarely visible in threzZ2o Limestone deposits while bioturbation traces
(curved cylindrical tunnels) are more commonly abed. The formation in the studied sections reaches
the maximum thickness of 18 meters in the Olmorahfbo stratigraphic section (OB1) while the minimum
thickness occurs in the Corna Piana stratigragattian (CP2) where it is about 2 meters. In the Ritorre
stratigraphic section (PT1) the typical Prezzo Lstoee is lacking and only an about 2 meters thick
succession of bedded limestone is present. Thebedtled Prezzo Limestone conformably rests on the
bioturbated-amalgamated deposits of the Banco ehigBxpodi and is overlaid by the massive-amalgamated
deposits of the Esino Limestone. The transitiothéoEsino Limestone is rapid and is marked by #ssage

to bedded dark grey or blackish marly limestonehwéduced (less than 1 cm) or absent marl interbeds
(fig.24, A). These limestones in a few meters rgidbse bedding upwards.
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Fig.24 — The Prezzo Limestone in the outcrop. A9 fipical Prezzo Limestone (PRZ) is a successiaa grey limestone
beds with blackish marl intercalations. The forratis overlaid by horizontally bedded dark limegtevithout significant marl
intercalations (ESI). The yellow stick is 1 metdt. tArera Mount stratigraphic section (AR1). B)niéstone beds (layers with
light grey alteration color) and marl interbeds étldark layers). The lower and thick limestone bealsbioturbation traces.
Note the bedding planes are nodular. Olmo al Brestbatigraphic section (OB1). C) A sectioned amnidd the surface of a
limestone bed in the Brembo riverbed (Olmo al Brestioatigraphic section - OB1)

-

Fig.25 — Microfacies of the Prezzo Limestone. AybGaate mudstone. The sediment is interested bgystadlization
(microsparite) and in origin was probably composgdsmall peloids. At the center of the photo is beathic foraminifer
(Ophthalmidium ubeyliense) Sample TX104. Valcastagigraphic section (VC1). Scale bar is 100 pmBclast packstone.
Skeletal grains are mainly mollusk broken shellgglves, gastropods). Entire gastropod shells ai@pbly also present. The
matrix is micrite. Sample TX115. Lenna stratigrapbéction (LN1). Scale bar is 500 pum.
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Environmental interpretation

The general fine-grained texture and the dark qodamt to a low energy, poorly oxygenated environme
CAsATI AND GNACCOLINI (1967)noted contrasting evidence: the high organic matetent would indicate
rapid burial of sediments deposited in restrictedr@nment, nonetheless the abundance of ammoaaitls
benthic fauna are indicative of open marine (pelagonditions. The benthic foraminif@phthalmidium
instead, frequently found within this formationshzeen linked b{IAURER AND RETTORI(2002)to shallow
water environments (backreef or lagoon). Considetive extensive bioturbation, we agree withLINI
(1992) that the environment could not be anaerobic butai$ at least dysaerobic at the sediment-water
interface. At last, the observed bioclast accunwtat match with the tempestite descriptionRaRez-
LoPEZ ANDPEREZVALERA (2012) placing the environment in the depth range of steaves. On the base
of these considerations we propose for the formadisubtidal open shelf environment, below fairthea
wave-base and subject to storm deposition.

Esino Limestone

In the study area the Esino Limestone extensivelgsout with thickness of a few hundreds of mefEng
“inception stage” (basal part) of this formatioarget of the study, can be easily distinguishetthénfield
from the overlying mature platform deposits onlblase of bedding characteristics (fig.26): this bpa#,
corresponding to the “lithozone 1" akDouL ET AL. 1992 is mostly poorly bedded (“Basal Esino
Limestone”). The overlying deposits (“Peritidal &si Limestone”) are instead horizontally bedded
limestone, corresponding to “lithozone 2"BDouUL ET AL. 1992

=2 PERITIDAL ESINO
—— . LIMESTONE

BASAL ESINO
LIMESTONE

del Re stratigraphic section (PR1). The skietthe upper

Fig.26 - Panoramic view of the Esino Liestona$
right angle highlights the different formations atie interpreted depositional surfaces (dottedd)n&rom the base is visible
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the Banco a Brachiopodi (BB), the poorly outcrogpPrezzo Limestone (PRZ) and the Esino Limestbagjd subdivided in a

lower massive-amalgamated part (Basal Esino Linmestand an upper horizontally bedded part (PeritiHaino Limestone).

Within the Basal Esino Limestone faint depositichafaces are visible, being horizontal in the lowart (blue dotted lines in

the sketch) and prevailing inclined (20-30°) in thildle-upper part (red dotted lines in the sketdtie presence of horizontal
depositional surfaces in the upper part would iatcmore phases of platform progradation in resgottsrelative sea-level

variations.

5.1.4 - Basal Esino Limestone

Previous studies

JADOUL ET AL. (1992) recognized in the basal 10 to 85 meters of theadekimestone the moment of
carbonate platform nucleation. Within this part thethors identified two different lithofacies, one
characterized by light to dark grey massive, btataand intraclastic calcarenite (lithofacies asston
la), the other characterized by bioclastic, fossh-limestone with brachiopods, gastropods, pgledg,
ammonoids and crinoids (lithofacies association This last lithofacies, more than 10 m thick, esponds

to the “Lumachella di Ghegna” giommasi (1911,1913)and is stratigraphically placed at least 60 meters
above the boundary with the Prezzo Limestone. Thenachella di Ghegna” according BERRA ET AL
(2011)would document the first reef association of tee& LimestoneBRACK & RIEBER (1986)reported
the presence in the Ghegna fauna of the ammabDbidseiceras chiesensa marker for the "Chiesense
horizon" which is located between the Nevadites @adonii Zones, thus referring these sediment$éo
Anisian-Ladinian boundary. The base of the Esinmdstone would thus fall, according to Triassic time
scale ofBRACK ET AL. 2005,into the late Anisian.

Characteristics

In the study area we found the Basal Esino Limestanging from a minimum thickness of 23 meters in
the Monte del Sole section (MS1) to a maximum & f@ters in the Olmo al Brembo section (OB1). This
unit conformably rests on the Prezzo Limestone bams of an about 2 meters thick interval of horialhy
bedded dark grey-black limestone with very thin Imatercalations (ESIBO; fig.32, A). This thin
transitional unit has microfacies (10 thin secsiotiat are equivalent to the bioclast-rich miccgda of the
Prezzo Limestone and are mostly composed by:

* Bioclast packstone and wackestone with abundam:-dihelled bivalve and gastropod
fragments

Skeletal grains are abundant and locally reach 60%e volume, with thin-shelled bivalves and
gastropods being strikingly dominant. Gastropodistae locally filled with a darker mudstone
than the surrounding matrix. Rarer skeletal grajless than 5%) include crinoid ossicles,
brachiopods, echinids, thick-shelled bivalves, g@oapicules, calcispheres, ammonoids, vegetal
frustules, vertebrate bones. Thick-shelled bivglgestropods and brachiopods can have borings or
micritized borders. With respect to the Prezzo lstore these sediments have more intense
bioturbation. Peloids are common. Silicization aedacally in patches or substituting the carbonate
shell of some bioclasts (usually brachiopods, gasils).

Above these thin basal and transitional depok#sfarmation rapidly evolves to a massive-amalgathat
limestone unit whose depositional surfaces are welkly recognized in panoramic view, being hortabn

in the lowermost part (10-30 m), mostly inclineddat 20°-30°) in the overlying mid-upper part (86,

31 and fig.32, B) and again horizontal in the uppest part. Despite precise boundaries are notyeasil
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traceable we propose the distinction within theadB&Sino Limestone of 3 parts, that are also charaed
by different microfacies:

ESIB1 [fig.32, C and fig.33, A]: The lower part, imontally bedded or amalgamated with faint
horizontal bedding, is commonly dark grey in colbrconsists of very fine to mid-grained intra-
bioclastic calcarenites, generally rich in echimodéragments (crinoids are dominant; fig. 27 and
28) and containing sparse little oncoids (fig. 28)some intervals (e.g Corna Piana stratigraphic
section — CP1) the sediment resembles lithofaciesf the Banco a Brachiopodi unit, with
dolomitized burrow traces. The different stratigr@gposition (above the Prezzo Limestone) or the
microfacies characteristicB {densds absent) allow the distinction of the two unitke microfacies
from the ESIB1 (fig.34, A-D) in fact include:

o Peloid Packstone with bioclasts and coated gramsr¢facies group 1)

0 Oncoidal Floatstone and Peloid Packstone with dogtains and detrital problematica

(microfacies group 2).

The microfacies are always characterized by thegmee of coated grains: oncoids and/or cortoids.
Oncoids are typically dark with irregular coatingisat can be dense micritic or porous peloidal.
They are up to a few centimeters in diameter (lmnegally less than 1 cm) and are commonly
floating within finer-grained sediment. Cortoidsvlasingle dark micritic constructive coatings.
Coated grains commonly have crinoid ossicles, eatiiapines, mollusk or brachiopod fragments
at their nuclei. Skeletal grains are commonly miwed at the border when they are not coated.
Skeletal grains can be abundant and are genemathynédted by crinoid ossicles, echinoid spines,
bivalves, gastropods. Minor findings include ostds; ammonoids, brachiopods and sponge
spicules. Partial dolomitization commonly occurslicRation occurs locally in patches or
substituting the carbonate shell of some bioclassally brachiopods, gastropods). Ornamentation
(spikes) commonly occur on the shells of some hogpdus, gastropods, bivalves and echinoids.
Calcispheres commonly occur and were probably fadams in origin.
The presence of sparse reworBatcanella floriformisPANTIC and/or rare fragments of calcareous
sponges@langocoelia ottBECHSTADT AND BRANDNER, Plexoramea cerebriformigiELLO, 1977),
corals andlrubiphytescharacterizes the microfacies group 2.

Skeletal grains

@ ESIB1

® ESIB2

abundance [%)

ESIB3
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meters above the Prezzo Limestone top

Fig.27 — Skeletal grain abundance in the Basal &simestone. The information from all the obsertred sections is
plotted on the graph. Note the highest abundandkerunit ESIB1 and the scarce abundance in therathits.
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ESIB1: Average skeletal composition
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Fig.28 — Average skeletal grain composition of B8B1 sediments. For this estimation only the olesethin sections
were considered. Note that echinoderms are donmigafollowed by gastropods, brachiopods and bivalve
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Fig.29 — Oncoid abundance in the Basal Esino Liomst The information from all the observed thirtises is plotted
on the graph. Highest abundance is in the ESIBL Umihe other two units oncoids are rare.

ESIB2 [fig.32, D-E and fig.33, B-E; fig.35, A-D]:he mid-upper part, massive amalgamated with
faint inclined depositional surfaces (fig.30),he fargest part of the unit and is mainly compaxfed
monotonous intraclastic calcarenite (fig.32, D;3R) B), generally coarser (up to coarse-grained

sandstone), lighter in color (mid grey, nut greght grey) and with a scarce macrofossil content
(sparse gastropods and bivalves).
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Fig.30 — Panoramic view on the Carna Piana (CP2jconp and interpretation. In the scheme are highieg the
depositional surfaces, that are horizontal in thantrelli Limestone (CMR), Banco a Brachiopodi (BBjezzo
Limestone (PRZ) and lower Basal Esino LimestonéBES Above, in the ESIB2, deposiotional surfaces\asible
inclined towards right and gradually pass upwardgtie horizontal bedding of the Peritidal Esino estone (ESIP),
delineating a carbonate bank that prograde on theaunding area.

At the microscope (10 thin sections) these mosty a
o0 Intraclast and peloid packstone or grainstone wsgtirce skeletal grains

Skeletal grains include gastropods, dasycladacdhitk-shelled bivalves, crinoid ossicles,
echinid radioles, brachiopods. Fossils mainly idelbenthic foraminifers, ostracods, gastropods
and calcispheres. These sediments also contaircesqgap to 5%) reworkedaccanella
floriformis and/or fragments of calcareous spongé3larfigocoelia otti, Plexoramea
cerebriformi9, corals and'ubiphytes.

Locally the sediments of the ESIB2 have patcheadiftérent colors, often brownish (fig.33, D-E),
and sometimes also small (cm-size) and irregulek deey cement-filled cavities (calcite). These
characteristics at the macro scale identify theezamhere in-place margin building biota are present
at the microscope in fact (32 thin sections) thes&s often show delicate branching structures of
Tubiphytes clotted peloidal micrite or other sessile orgaris©langocoelia otti Baccanella
floriformis and microproblematica). These rocks at the micies@an be classified as:

0 Microbial boundstone (clotted peloidal micrite)

0 Tubiphytes boundstone

o Porifer boundstone

These different microfacies can be associated & dame rock. The space between the

bioconstructed part of the rock is usually fillediwfine grained granular sediments (intraclast

and peloid packstone with scarce skeletal gragmjetimes with calcite marine cements.
Rarely small phaceloid colonies of corals (fig.32and algae (fig.33, C) are observed in the ogtcro
(Ghegna stratigraphic section — GH1). Oncoids iiB2Sre absent or rare.
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Margin-related components distribution
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Fig.31 — Distribution of margin-builder biota inétBasal Esino Limestone. Only data from describaddections have
been considered. Blue dots = ESIB1; Green dots BES\ote that Baccanella floriformis is more fretly found in

the ESIB1, while the other forms are more typidathe@ ESIB2. Microbial structures, mainly compossdclotted

peloidal micrite, are typical of the highest pafttbe succession.

« ESIB3 [fig.32, F and fig.33, F; fig.36, A-B]: Thgopermost part, massive amalgamated with faint
horizontal depositional surfaces, is generally thas 40 meters thick and is characterized by eoars
sediments than ESIB2, rich in oncoids (up to a d¢evw and/or dasycladaceans. The color is mid to
light grey and the rock displays zones where thresity is filled by dark grey calcite cement. The
microfacies (15 thin sections) mainly are:

o Peloid packstone and grainstone with oncoids argy€adaceans.

The oncoids have a rough grossly oval shape, halatad peloidal fabric with few or no visible
laminations but sometimes Cayeouxia-like filameate observed. Dasycladaceans can be
abundant (Dasycladacean rudstone). Cavities fiNgt different generations of cement can
occur. Skeletal grains, apart from Dasycladaceamesgenerally absent. Fossils include scarce
benthic foraminifers, rare gastropods and ostracods

This part conformably passes upwards to the welldbd Peritidal Esino Limestone ().

Tuffs [fig.37]: Tuff layers are reported hirDouL AND ROsSsSI(1982) in the Buchenstein formation, the
basinal equivalent of the Esino Limestone, whilethe study areaapouL ET AL. (1992) indicate the
presence of few tuffaceous layers at the top oPtezzo Limestone and also within the Esino Limasto
(“Lithozone 2”). In this work we found tuff layerat different stratigraphic levels within the Esino
Limestone but more commonly they are found in tveelr part of the unit, near the passage to thezBrez
Limestone. These tuff layers are thin, 1 to 10 biokt light grey or ochre in color, altered andtsdhey
are present as single stand-alone levels or asup@f 2-3 spaced levels. Two thin sections hawenbe
prepared from tuff samples and the observatioheatrticroscope reveals that they are constituteal fine
grained altered matrix (clay minerals now) withrsgapreserved quartz and zircon crystals. In acieses
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the contact with the underlying sediments is weakbsional (fig.37, B) and dark mud floating claats
visible at the base of the deposit.

Fig.32 — Basal Esino Limestone in the outcrop. A¢ photo shows the transition between the Prezanedtone (PRZ) and the
Esino Limestone (ESI) at Mt. Menna stratigraphictes (MN1). The transition is sharp and characted by the thinning of
marl intercalations and an increase in bed thicl@i€Ehe first meters of Esino Limestone are in fertded then the bedding
planes tend to disappear and the limestone becomassif with gross pluri-metric bedding (ESIB1). Magure for scale. B)
Outcrop of the mid-upper part of the Basal Esinméstone (ESIB2) at Mt. Menna (MN1 stratigraphictise¢. Within the
horizontal pluri-metric bedding are evident someliimed depositional surfaces, that are drawn (dotted lines) in the small
sketch in the upper-left angle. Man figure for scal) Bioclastic calcarenite with abundant crin@ssicles. This limestone is
typical of the lowermost part (ESIB1) of the Eslnmestone. Passo del Re stratigraphic section (PR))Grainy limestone
from the mid-upper part (ESIB2) of the Esino Limast No recognizable structures or grains are VesilPasso del Re
stratigraphic section (PR1). E) Limestone (calcam@nwith branching coral colonies. The structurage visible due to
differential weathering on the surface. This fade$rom the mid-upper part (ESIB2) of the BasahBd.imestone. Ghegna
stratigraphic section (GH1). F) Dasiclad rudstorigalcite-cemented porosity (dark-colored parts) Higifits the texture of the
rock and the nature of the grains. This faciesoisnfl in the topmost part (ESIB3) of the Basal Edinoestone. Mt. Menna
stratigraphic section (MN1).
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Fig.33 - Samples from the Basal Esino Limeston&aiple TX219. Very fine-grained oncoidal calcaee(ncoid floatstone).
The patchy color is due to bioturbation. ESIB1. $tasglel Re stratigraphic section (PR1). B) Sampl23BX Fine grained

calcarenite (Intraclast packstone). ESIB2. Arerauvibstratigraphic section (AR1). C) Sample TX3@aKl?) boundstone. The
framework is built by tubular structures (see clogeon the right). The sediment experienced stracgystallization. ESIB2.

Piazza Brembana stratigraphic section (PB1). D) BlenTX21. Mottled-globular limestone (Tubiphytesitdstone). Diffuse
margin-building biota is visible (thin light-colodetubules in the close-up). Irregular cavities #itked with several generations
of cement (calcite is darker at the border of theity and gets lighter towards the center). ESIB2azza Brembana stratigraphic
section (PB1). E) Sample TX601. Mottled limestdndiphytes boundstone). Faint horizontal layeriagisible. ESIB2. Corna
Piana stratigraphic section (CP1). (microfaciesfig.35, C). F) Sample TX301. Dasiclad rudstone. d@hek calcite cement
highlights the texture of the rock and the naturthe grains. ESIB3. Corna delle Coste stratigraygection (CC2). (Microfacies
in fig.36, A). The pink rectangle is 48 mm x 29 mm.
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Fig.34 — Microfacies of the Basal Esino Limestorieower part (ESIB1): A) Oncoid floatstone and pelpiackstone matrix.

Oncoids (a) have dark micritic irregular coatingstinoid ossicles (b) and echinid radioles (c) amronon skeletal grains. An
ostracod valve (d) is also present. Sample TX4C&male delle Betulle stratigraphic section (CB1gal® bar is 500 um. B)
Peloid packstone with oncoids and cortoids. Theeddioclasts include ornamented echinid radiokgs ¢astropods (b) and
possible echinid plates. Non-coated bioclasts ikelastracod valves, echinoderm and gastropod fraggnéraminifers. Dark

micritic rounded oncoids (c) are present. Sampl@8.X/alcanale stratigraphic section (VC1) Scale 5500 um. C) Peloid
packstone with platform-derived biota. A dasyclagtats (a) is at the center of the image while inupper right corner is a

fragment of the porifer Olangocoelia otti (b). SdenpX163. Corna Piana stratigraphic section (CP2¢ale bar is 500 um. D)
Detail of the peloid packstone: dark rounded orlgveloids are visible. Sample TX473. Monte del Stiatigraphic section

(MS1). Scale bar is 100 um.
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Fig.35 — Microfacies of the Basal Esino Limestomeid-upper part (ESIB2): A) Microfacies of the saepx95. Tubiphytes (a)
encrusts masses of Baccanella floriformis (b). phiies builds dark areas characterized by blackitiddubular structures
with a cemented central cavity. Baccanella flonifiss builds sparitic flower-like structures that aveganized in clots. The matrix
is clotted peloidal micrite. Valcanale stratigragtsection (VC1). Scale bar is 500 um. B) Detaitlofted peloidal micrite of
sample TX95. A granular peloidal texture is peredibut no grains have definite borders. Faint talbwtructures are visible
at the center of the photo (Ortonella?). Valcanstigtigraphic section (VC1). Scale bar is 100 umjT@biphytes boundstone.
The tubular structures with central cavity are evit and grow within a clotted peloidal matrix. Gédccementation occur
between Tubiphytes tubules. Sample TX601. CornaaPs&ratigraphic section (CP1). Scale bar is 100. D) The porifer
Olangocoelia within a peloid packstone matrix. Tiarifer has a cilindrical shape with a central cgviand thick walls
characterized by rounded cemented cavities. Samg2d2. Passo del Re stratigraphic section (PR13leSar is 500 pm.

Fig.36 — Microfacies of the Basal Esino Limestonppermost part (ESIB3). A) Dasiclad rudstone aelbio packstone matrix.
A calcite mosaic replaces large parts of the pedbiahatrix, deleting the original texture. Sample3DX. Corna delle Coste
stratigraphic section (CC2). Scale bar is 500 pmPBloid packstone with oncoids. An oncoids, witited peloidal texture
and lacking laminations, is visible in the centétte picture. A benthic foraminifer (Endotebayisible on the left. The peloidal
matrix is extensively replaced by a mosaic of tal&ample TX502. Corna delle Coste stratigrapeation (CC2). Scale bar is
500 pm.
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mesigﬁe a&Ratorre (PT1) stratigraphic
section. B) Yellow tuff layer (T) within ESIBO list@ne at Olmo al Brembo stratigraphic section (QBRipped black mud chips
are visible within the tuff. C) Yellow tuff laydr)(within ESIB1 limestone at Mount Menna stratigrepsection (MN1).

Environmental interpretation

ESIBO: the 2 meters thick basalmost part of then@siimestone has microfacies similar to that of the
bioclast-rich deposits of the Prezzo Limestone.tkisrsimilarity we analogously attribute theseisehts

to storm accumulations that fit the tempestite dpson of PEREZLOPEZ ANDPEREZVALERA (2012).Also

for these deposits thus we propose a subtidal sipelhenvironment, below fair-weather wave-basbjexi

to storm deposition.

ESIB1: The rich variety of skeletal grains thatf@ind within these sediments refers to different
environments: thin-shelled bivalves and ammonordscammon in deep pelagic environmeBdccanella
floriformis, TubiphytesCalcareous sponges and corals are referred tmshakter ramp, margin or reef
environment RUFFER AND ZAMPARELLI, 1997;HARRIS, 1993, Dasycladaceans are from shallow-water
open lagoon or back-reef environmehtGEL, 2010. Associated constructive cortoids and micritized
grains are generally produced in shallow wateritapenvironmentsKLUGEL, 2010. Irregular oncoids,
according taBADENAS AND AURELL (2010) form under calm conditions favoring coating andritization

of skeletal grains. These sediment characteristiestold to be indicative of low-energy conditions
protected but open lagoonal are&sENAS AND AURELL, 2010. Faint horizontal depositional surfaces
within this part are coherent with this interpretat The poor sorting, with oncoids floating inaer matrix,
and mixed texture is probably produced by biotudpaftunnel traces are sometimes visible) as weby
storm reworking (the sediment sometimes is locablyy similar to the lithofacies 2 of the Banco a
Brachiopodi unit). The presence of shallow-watetdiskeletal grains evidences, during this phdse, t
existence of carbonate platform nuclei nearby aoskibly identifies the toe-of-the-slope zone. These
sediments are thus interpreted as the deposita opan lagoonal area with depth in the reach afrsto
waves and sourced also by sediments coming froghhering carbonate platforms. The higher abundance
of crinoids in this part probably indicates thagithliving position was proximatéV(EYER AND MEYER,
1986.
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ESIB2: Inclined depositional surfaces indicate thase deposits belong to a slope environmentgiiday
peloidal sediments and the boundstone facldmilfiphytesis prevailing) match with the margin-slope
deposits described in the Latemar carbonate phatf&vMERICH ET AL. 2005,MARANGON ET AL 2011).
The upward decrease in crinoid ossicles, oncoidscarnoids abundance supports the hypothesis tieey a
genetically linked with the deeper ESIB1 environim@ements are limited and the abundance of catbona
mud point to a low-energy environmental settinge Binowth forms of the margin-biota are dominated by
tubular structures and fit the “filled frame reeféfinition of RIDING (2002) who relates it with high
sedimentation rate and low energy conditions. Thaing sediment probably moved downslope by
avalanching and was then amalgamated by bioturbafidiculated crinoid ossicles found at the passag
between ESIB1 and ESIB2 indicate this part (tothefslope) as the place where burial was more ieaud
thus preservation potential was higher.

ESIB3: The presence of dasycladaceans, often ahyral@ typical of open-marine lagoon environment
(FLUGEL, 2010. Also oncoids and peloidal deposits are commothése settings. The lack of margin
building biota and deep water fauna also suppbesfact that these sediments deposited in a sheilow
position with respect to the slope/margin. Thesknsents are in fact analogue to the lagoon depositse
Latemar carbonate platfornENiIMERICH ET AL. 2005, MARANGON ET AL. 2011). The return to faint
horizontal bedding, sometimes observed, suppodsrtterpretation.

Tuffs: the pyroclastic origin points to an accuntigla by vertical fall with draping of the depositial
surface and possible later reworking by waves,etiisr and bioturbation. In a few cases where damk mu
chips are observed in the lower part of the tuféfave can guess an underwater flow of pyroclastterial
probably occurred. The mantling process of the diéjpoal surface makes these levels, where they are
preserved, of extreme importance for time-corretai This important feature is discussed latehéntéxt
(chapter 5.3.3)

5.1.5 - Peritidal Esino Limestone

The onset of this unit defines the top of the stidgrval. We thus described only the lowermostad#p
of this unit.

Previous studies

This part of Esino Limestone is describedJapouL ET AL. (1992)as a 50-60 meters thick succession of
well bedded limestones and dolomitic limestonesaoized in peritidal cycles with stromatolites and
fenestral fabric. Dolomitized inter-supratidal mams, tepees and radial fibrous cements ("raggiohi”
ASSERETO& FOLK, 1980 are observed. Few discontinuous layers of miaaxebhales intercalations are
reported at the base and top of the successios.alsiociation of structures are related by theoasitio
local stratigraphic unconformities due to perioslibaerial exposures of the platform.

This unit is considered interfingering in its lowgart with the “Lumachella di Ghegna” margin factesl
being coeval with younger deposits in its uppet pRDOUL ET AL. 1992.

Characteristics

The Peritidal Esino Limestone is easily recogniftedh the underlying deposits for its distinct hotal
bedding (beds are a few dm thick) as well as ®tithology. The unit is mainly composed of lighty
limestone or dolostone displaying planar stromaioliaminations and fine to very coarse grained
calcarenites. Oolitic and oncolitic deposits asogiresent but generally subordinate (at PiazzenBaea
instead these grains are abundant). Normal andsevgradings are commonly observed within these
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granular sediments. Fenestral cavities are comim@pee and loferitic breccias locally occur (e.qzRa
Brembana section — PB2; Lenna section — LN1). Ttadyaed microfacies (19 thin sections) are:

« Laminated or poorly laminated Microbial Boundstavieh fenestral cavities (fig.40, C)
» Peloid Packstone (fig.40, B)
» Ooid-oncoid Packstone and Grainstone (fig. 40, AnE F)

Microbial tubules (Cayeouxia-like) are sometimesible within the microbial boundstone (fig.40,
C), that is commonly characterized by clotted mHbifabric. Inverse (fig.40, A) and normal
gradings are common in well-sorted ooid-oncoid gtmhke and grainstone. Ooids have generally
thin coating (surficial ooids) and oncoids are galtg ovoid, with alternating dark micritic and
porous peloidal coatings.

In this unit dark cm-scale marine cement layersyatterized by botryoidal fibrous calcite ("raggioof
ASSERETO& FOLK, 1980), are intercalated within the succession. At theroscope these are made up of
fibrous-radial calcite fans (probably pseudomorpinsbotryoidal aragonite) and often have thin dark
leiolitic microbial laminae intercalated (fig.40,).0Fossils are rare within this unit and includérasods
(also disarticulated), benthic foraminifers and mimed gastropods.
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Fig.38 — Peritidal Esino Limestone in the outcréy).Oolitic-oncolitic coarse-grained calcarenitestiviabundant fenestrae. In
the middle is evident a calcite-cemented lofeltieccia of microbial limestone. Valcanale stratighac section (VC1). B)
Stromatolic limestone with thin planar lamination®lt. Menna stratigraphic section (MN1). C) The mar@f a little
stromatolitic mound displaying lateral progradatidhiazza Brembana stratigraphic section (PB1). Blacale bar is 10cm tall.
D) Peritidal limestone. Subtidal grey fine-grainkturbated limestone at the base (a), overlaidrtgr-supratidal grey fine-
grained limestone with fenestral fabric (b). therwost part is probably altered by subaerial expesfyellowish part). Above
(c) is a dark marine cement layer (fibrous-radialate, “raggioni” of ASSERET& FOLK, 1980. Passo del Re stratigraphic
section (PR1). E) Tepee structure in peritidal lstome. Piazza Brembana stratigraphic section (PB2).
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Fig.39 — Cut sample surfaces from Peritidal Esinméstone. A) Sample TX55. Very coarse grained wahii@ (ooid-oncoid
grainstone). Coarsening upward pockets are visiBi@ezza Brembana stratigraphic section (PB1). Binke TX569. Mid-
grained calcarenite (peloid packstone and intratlpackstone) and microbial boundstone with fenéstaaities. Mt. Menna
stratigraphic section (MN1). Microfacies in fig.4B, C) Sample TX60. Black cement layer made o&léithrous calcite. Piazza
Brembana stratigraphic section (PB1). D) Sample @&<2Peritidal limestone breccia. Pink-reddish ckstre weathered
limestone (intraclast packstone). Dark layers arerobial-cement coatings. The light grey part idime grained limestone

(peloid packstone and clotted peloidal micrite)hiitnestrae. Passo del Re stratigraphic sectiorljPRhe pink rectangle is 48
mm x 29 mm.
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Fig.40 — Microfacies of the Peritidal Esino Limesto A) Coarsening upward ooid packstone-grainstoverlying a cement-
microbial (leiolithic) boundstone. Sample TX477.nM#odel Sole stratigraphic section (MS1). Scale iseB00 um. B) Peloid
packstone. In the middle a coarsening upward poiskeisible. Vertical calcite-cemented cracks. Skenipx569. Mt. Menna
stratigraphic section (MN2). Scale bar is 500 u@). Microbial boundstone. The structure is highlyqgs, with dense, cement-
filled, fenestral fabric. Cayeouxia-like algal fiteents are visible. Sample TX549b. Olmo al Bremtadigtaphic section (OB1).
Scale bar is 500 um. D) Cementstone (fibrous-radatite cement layer). Botryoidal aragonite andcrabial (leiolithic)
laminae. Sample TX204. Passo del Re stratigrapéatian (PR1). Scale bar is 500 um. E) Ooid paclestaith oncoids.
Recrystallization of micrite in sparite is dedudsdfloating oncoids. Sample TX477. Monte del Sodg¢igraphic section (MS1).
Scale bar is 500 um. F) Ooid (surficial) grainstoredetrital boundstone clast is present. Sampl&3Riazza Brembana
stratigraphic section (PB1). Scale bar is 500 um.

Environmental interpretation

The facies association reflects typical peritidapaisitional setting, as already highlighted by mes
authors JapouL ET AL. 1992). Microbial boundstone and peloid packstone adécative of a low energy
tidal flat. Episodic subaerial exposure is evidehlbg common fenestral fabric and local loferitieteias
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and tepees. The very scarce fauna is compatibletit inter-supratidal stressing environment. Tled-w
sorted ooid-oncoid packstone and grainstone indtedidate more agitated and subtidal conditiong tha
could be referred to wide tidal channels enterirggihner platform area.
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5.2 - Vertical evolution
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Fig.41 — The environmental path (red numbers) reced within the studied succession: From theahjteritidal platform conditions (1),
the succession shows a deepening trend that bifiregdepositional surface first to very shallow laga@onditions (2), then to shallow shelf or
deeper lagoon conditions (3) and finally to deeglfsitonditions (4). The successive shallowing tremdompasses platform related
environments: first the return to shallow shelfagoon conditions with local detrital contributeofn platform margin (5) is recognized. Then
the advance over the area of platform slope andgmafacies is generally documented (6). Shallowotagconditions (7) are commonly
encountered before peritidal platform conditione agstored (8).

(image fromhttp://www.seddepseq.co.uk/DEPOSITIONAL ENV/DEP_HENXT/carbdepoenvir.him

As can be seen in the correlation scheme (Attadheohost of the stratigraphic sections displaynailar
vertical transgressive-regressive evolution whicimcoepasses, with different thickness, the
formations/units and the facies assemblages destiibchapter 5. The passage from one formationduni
facies association to another occurs without exadest significant unconformities, thus indicatitgt the
recording of the succession is continuous and éisege from one facies association to anotherr@ingo

to Walther’'s law, reflects the passage betweeni@dm environments. The general paleoenvironmental
evolution observed in the stratigraphic sectioranfthe base to the top, can be summarized asv®lieed
numbers in fig. 41):

1. Peritidal platform - The succession starts withghallow water peritidal carbonates of the Anisian
carbonate platform (Camorelli Limestone). The emwment, within an inner platform and protected
low-energy setting, is characterized by a wide lafiga subject to short-time subaerial exposures
and to storm incursion.

2. Very shallow lagoon - The early transgressive tréedelops, on the top of the terminated peritidal
platform, a very shallow lagoon, characterized bykdfine-grained deposits contaminated with
siliciclastics (Banco a Brachiopodi — lithofacies Due to eustatic variations the deposits aré stil
subject to local subaerial exposures (fenestratieay and also to evaporite growth due to saline
restricted conditions. In this very shallow andequénvironment the poor water circulation is
probably responsible for the scarce fauna (ostmend benthic forams).
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Shallow lagoon/shelf - The continued transgressieepens the depositional surface and the
deposits turn to fully subtidal (Banco a Brachiopedithofacies 2). The area is a shallow open
lagoon or a shelf. Better water circulation is evided by the accumulation of abundant and varied
skeletal material, as well as by intense burrovéing storm reworking of the sediments.

Deep shelf - The transgression culminates in th@osidon of black pelagic deposits (Prezzo
Limestone), representing the deepening of the diépoal surface to a relatively deep subtidal shelf
environment, characterized by mixed carbonatekdiistic input and dysoxic conditions. The
depositional surface is below fair-weather waveebaist in the reach of dilute storm events, that
accumulate thin bioclastic lags.

Shallow lagoon or shelf - The start of the regnessiend brings back the depositional surface to
shallower more oxygenated conditions and the depas again lighter in color and rich in skeletal
components (ESIB1). The environment is a lagooa shallow shelf. Algal-microbial community
flourishes and produce dark irregular oncoids aodoas. The existence during this phase of
carbonate nuclei nearby is evidenced by the presehtttle material (allochtonouSubyphytes
carbonate sponges aBdccanella coming from platform margin environment.

Platform slope and margin - The horizontal layerimgovered by the advance of slope-margin
faintly clinostratified deposits of carbonate bafESIB2). Sparse patches of delicate boundstone
built by Tubiphytessponges or problematica are immersed in pregagrainy, mud-rich sediments
indicating low energy conditions.

Inner platform shallow lagoon - The regressivedreontinues and the horizontal bedding is restored
above the slope-margin deposits. The environmemsisallow lagoon, characterized by oncoid and
dasycladacean growth (ESIB3).

Peritidal platform - The regressive trend finakgtores inner platform peritidal conditions, whare
complex of stromatolitic buildups subject to suleexposure and oolitic-oncolitic channels is
developed (ESIP).

In a few cases this vertical evolution is not olbsdr

In the Piazzatorre (PT1) stratigraphic sectiontyipécal Prezzo Limestone is not recognized. Here
the deepening trend culminates in a few metersaud dedded limestone which are best ascribed to
the ESIBO. We suggest that this difference is duthé fact that the required depth condition for
the Prezzo Limestone deposition were not reached.

In the Corna delle Coste (CC3) stratigraphic sechoth the Banco a Brachiopodi — lithozone 2
and the Prezzo Limestone are not recognized. Heartecular situation is observed: above the
Camorelli Limestone, bioturbated limestone are gmgsoverlaid by limestone showing in-place
fragmentation, intrasediment evaporite crystal dhownd possibly also pedogenesis. These
regressive trend, which is just below a tuff levelnot reported in the other stratigraphic seation
These sediments are tentatively attributed to thecB a Brachiopodi unit (lithofacies 1). Above
these, transgressive sediments are present, rafgdd®y thin oolitic deposits and then, above the
tuff level, by calcarenite deposits that we asctithe ESIB1 unit.

The regressive and transgressive trends observedalenot coherent with the other stratigraphic
sections and the attribution of this outcrop togtratigraphic interval that is object of the tisasi

in doubt. Nonetheless, supported by the presenctheoftuff layer, we considered also this
stratigraphic section in the correlation.
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5.3 - Time correlation of the stratigraphic sections

The correlation scheme (attached 1) shows the sg@mtebution of formations, units and sub-units
reflecting homogeneous subenvironments/environrheatalitions. The difference in thickness that &xis
between the described stratigraphic sections aperossibility of different interpretations in teeolution

of the area. A few time lines were drawn and helgadfying the existing rapport between the diffier
environments and units.

First of all, in the correlation scheme we settthpeof the Camorelli Limestone as a reference)(fatface:
the top of the Camorelli Limestone, in fact, is stvained at nearly zero meters’ depth (fenestrdéddaritic
breccias are common at its top) and the limit \ilig overlying Banco a Brachiopodi unit always appea
as a flat boundary, with no evidence of existirgefe or active tectonics. This means that drowrohthe
Anisian platform grossly occurred at the same mdamathin this area, thus we can consider Camoteli

a grossly isochronous surface.

Other two times lines were traced using biostrapyy and volcanics.
5.3.1 - Biostratigraphy

(This chapter and the related biostratigraphic waréis realized in collaboration with Roberto
Rettori from the University of Perugia)

A great variety of fossils are found within thesedisnents but only a few groups are useful as
biostratigraphic tools in the studied time intenahong these benthic foraminifers were abundatiten
lower part of the studied succession and were et thin section. Conodonts at last were not doimn
the few samples that were analyzed from the Bari®@ehiopodi unit.

Benthic Foraminifers

The benthic foraminiferal assemblages that arergbdeacross the studied stratigraphic sectionsidel
taxa with high biostratigraphic significance, aghas cosmopolitan taxa with long stratigraphicganThe
key species observed (fig.42) are:

Meandrospira dinaric&ochansky-Devidé & Pantic, 1965
Endotriadella wirziKoehn-Zaninetti, 1968

Pilammina dens®antic, 1965

Paulbronnimannia judicariensiBremoli Silva, 1971
Ophthalmidium abriolenseuperto, 1965

Ophthalmidium ubeyliend®ager, 1968

Turriglomina mesotriasic&oehn-Zaninetti, 1968

Paleolituonella meridionalituperto, 1965

The biostratigraphic analysis herein highlightasiecession of events that allows for a tentativestation
of the stratigraphic sections. In particular, frdm bottom to the top, we firstly observe the appeece of
the Meandrospira dinarica-Endotriadella wirassociationM. dinaricais a species that is well known in
the Tethyan domain, with a range that correlatemntoterval from the early Anisian (Aegean-Bitremj

57



58

to the late Anisian (Pelsonian), white wirziis known from the middle Triassic (Anisian-Ladin)aof
Tethys. This association is typical within peloidcgstones and wackestones, along with fenestrae and
ostracods (Lithofacies 1 of Banco a Brachiopothiat have been related to a very shallow and lowggne
lagoonal environment. Within the Mt. Menna stradjghic succession (MN1), the association occurd unti
the point at which, in sample TX194 at the bas¢heflithozone 2 of Banco a Brachiopodi, the lowest
occurrence oPilammina densas reported. This species, whose paleogeograpsiicbdition covers the
whole Tethys, is widespread in the Anisian stagetisag from the early Pelsonian onwards, but withou
reaching the uppermost lllyriaf (densaRange-Zone oBALAJ ET AL. 1988and TRIFONOVA 1992). Also,

in the other stratigraphic sectioms, densaappears within the lithozone 2 of Banco a Bracbabgpeloid
packstone with abundant crinoid ossicles, integuteis subtidal shelf deposits), sometimes assdaatk

M. dinarica(Mt. Arera stratigraphic section - AR1) but neassociated witk. wirzi.P. densaalso displays

an ACME interval (the foraminifera can constitutersm than 30% in volume of the peloid packstone)
occurring within thePaulbronnimannia judicariensidistribution interval in the lithozone 2 of Baneo
Brachiopodi. In the uppermost part of fRegjudicariensisdistribution interval, in correspondence with the
deepening of the depositional environment (BancBrachiopodi transitional deposits to the Prezzo
Limestone),P. densadisappears and is substituted by the gedpbkthalmidium (O. abriolensand O.
ubeyliensg P. judicarienseis a species that was erected by Premoli Silva11%sAgathammina
judicariensig in the Anisian of the Giudicarie areBitodosushorizon), and which was then recognized
also in other Tethyan areaBHTTORFZANINETTI 1993; RETTORI 1999. This species is limited to the
uppermost Pelsonian and is often associated Ritdensa but not withM. dinarica, probably due to
environmental incompatibility. With the onset ofethilyrian Prezzo Limestone deposition (carbonate
mudstone and peloid packstone, with ammonoids halil oncentrations, that are referred to a reddyiv
deep shelf) the genu@phthalmidiumspreads @. abriolensebeing more abundant) while the Pelsonian
foraminifera disappear. The genus is still presanthe lowermost and deeper deposits of the Esino
Limestone, and then disappears also. Only well abtns stratigraphic position, in the slope-margin
deposits of the Basal Esino Limestone, the lowestuwences ofTurriglomina mesotriasicaand
Paleolituonella meridionalisire recorded - two species that are well knowmfiloe upper Anisian.

On the basis of these taxa and their distributrem can therefore make a preliminary conclusion theat
data collected from the analyzed stratigraphic esgions are potentially useful for a future dethile
zonation of the Pelsonian-lllyrian stages (fig.43).

In addition, despite the occurrence of these gemgttein well-defined microfacies indicates that ithe
distribution in the succession is strongly con&dlby the existence of favorable environmental tard

to their life, as already suggested FWRABEGOLI ET AL. (1976) we can state that the Acme intervalPof
densa,which is always a single and thin interval runnthgough the Banco a Brachiopodi unit, can be
considered a time line.
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Fig.42 — Benthic foraminifers from the studied ®sston: main forms.1-4 Meandrospira dinarica; 54&d&triadella wirzi; 9-
12 Pilammina densa; 13-16 Paulbronnimannia judieasis; 17-20 Ophthalmidium ubeyliense; 21-24 Ophtigium
abriolense; 25-28 Turriglomina mesotriasica; 29-aleolituonella meridionalis.
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5.3.2 - Volcanics

In the Orobic Alps sinsedimentary tectonics is régub during the upper scythian-lower anisian timé b
without significant volcanicsJipouL AND ROss| 1982). An important volcanic event is instead recogdize
near the Anisian-Ladinian boundary and has beeste@lto the rising of northern (Dorsale Badiota-
Gardense, Catena Paleocarnica) and southern @fasaile” ofBRusCcA ET AL 1981) ridges.JADOUL AND
RossI(1982)recognize two main horizons within this volcanweet, characterized by pyroclastic layers
(tuffs) in the basinal successions: the lower anplaced at the boundary between Prezzo Limestote a
Buchenstein formation; the upper one is insteatiiwithe Buchenstein Limestone and may be associated
with volcanic sandstones. A more detailed distorctf tuff levels in these basinal successionsasiged

by the study on the GSSP for the base of the Ladistage RACK ET AL. 2009. In our study we found
few and thin pyroclastic layers intercalated witthie Basal Esino Limestone succession, which lisaat

in part coeval with the Buchenstein formation. &rtgular, we recognized:

T1) one or two volcaniclastic layers just above boeindary between with the Prezzo Limestone and
the Esino Limestone (ESIBO) in the Olmo al Brembd{), Canale delle Betulle (CB1), Mt. Menna
(MN1) and Corna Piana (CP2) stratigraphic sectidhg volcanic layers are thin (cm-thick), soft and
yellowish tuff or fine to mid-grained grey volcarsandstone (locally with floating blackish mud &)ip
that are intercalated within dark limestone. The twff levels observed at the Olmo al Brembo
stratigraphic section (OB1) perfectly corresponthwhe two levels reported by Balini and Renesto
(2012) in the same area and match, according tautiers, the Contrada Gobba tuffs (CGtBafhck

ET AL. (2005) These last are recognized in the Stabol Frestmeewhere they bracket a level with a
rich ammonoid fauna dominated Bgseretoceras camunufievel SF105A) making possible a solid
and valuable link with the ammonoid biostratigrapbcale Paraceratites trinodosugone, lllyrian;
fig.44).

At Corna delle Coste (CC3) stratigraphic secticta yellowish tuffitic (very fine-grained sandstyne
layer is reported at the base of a successiondbks the Prezzo Limestone. The tuff has littleckla
mud chips at the base. Because of its position mgpect to the facies below and above, we teelgtiv
attribute also this tuff layer to the Contrada Galirffs.

One or two volcaniclastic layers occur slightlylineg, within the ESIB1, in the Piazza Brembana (PB3)
Lenna (LN1) and Mt. Arera (AR1) stratigraphic sen8. On the base of other correlation evidences
(e.g. Arl vs CP2 sections; fig.45) we consider #h&se tuffs equivalent to the Contrada Gobba.tuffs
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Fig.45 — Correlation of the CP2 and ARL1 stratigrapsections. Stratigraphic units are drawn and ledokin black. In order
to support the correlation some layers are highlagh Blue layer= P.densa Acme; Red layer= T1 tuBseen layer= last
occurrence of siliciclastic grains in thin secti@ee chapter 5.3.3); Orange layer= red clay seaNwe the similar trend
of the RGB color curves (RGB values were determiméite matrix of collected samples) in the twatsgraphic sections:
low values for the both R, G and B in the Bancaa&cBiopodi, Prezzo Limestone, Basal Esino Limest(ESIB0) and
lowermost Basal Esino Limestone 1 (ESIB1). Higladues of the three curves, with the R componenigt&ightly higher,
is observed in the nearby of clay seams. The RBRvaise (in particular the R component is higtien the other two)
passing from the ESIBL1 to the ESIB2 unit. The Betatratigraphic sections are found in the Appe&ndi

T2) one soft and yellow tuff layer about 20 metalosve the Prezzo Limestone top, in the Mt. Menna
(MNZ2) stratigraphic section. The layer is 3 cm khiotercalated within bioturbated grey limestonke
attribution of this layer to a specific level istrpmssible for the lack of certain reference points

T3) three thin (up to 2 cm) yellowish tuff layersthe upper part (ESIB3) of the Basal Esino Limesto
at Piazzatorre (PT1) stratigraphic section. Thagerk are intercalated within doloarenite beds. The
attribution of this layers to a specific level istipossible for the lack of certain reference mint

T4) one yellowish tuff layer in the upper part (BS) of the Basal Esino Limestone at Mt. Menna
(MNZ2) stratigraphic sections. The layer is inteatatl within doloarenite beds. The attribution o th
layer to a specific level is not possible for thel of certain reference points.
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5.3.3 - Siliciclastics

An upward reduction of the terrigenous content reasrted byBALINI (1992)within the Prezzo Limestone.
In our sections we recognize that siliciclastidurfis present from the drowning of the Anisiantflam
till the ESIB1. These siliciclastics, spanning frafay to fine-grained sand, are present as contamiof
limestone and marl (e.g. Prezzo Limestone), astsdlthin beds (e.g. Banco a Brachiopodi) or atso a
sparse quartz and mica grains that are observig ahicroscope (within the limestone microfaciessth
grains are generally estimated in up to 3% of ta tvolume). The dimension of these last grainsften
less than 100 um. For such small grains we canaemna very high dispersion potential, both froonvfal
plumes as well as from wind. We noticed in fact thalose-range correlations the upward reduatictne
siliciclastics (in particular the last occurrendegaartz and mica grains in the thin sections) ogrossly
at the same stratigraphic level (fig.45), probablyresenting a regional signal. Moreover, we rezegtat
the last occurrence of siliciclastic grains is getlg higher moving from East to West, probablyleefing
the proximity to the siliciclastic input.
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Correlation Scheme 2 - Interpreted

Correlation Scheme 2 (in the next page): The figdmaws the interpreted correlation of the stratiginéc sections (labels on the
bottom;) according to the formations/units subdivispresented in chapter 5.1 and to the time lingse fig.16 for quick
reference of the formations/units. Time lines apresented by 1) the top of the Camorelli Limest8h¢he Pilammina densa
Acme interval (yellow line), 3) the T1 tuff layeed line). The scheme shows a lower successioowhtble Prezzo Limestone,
characterized by weak lateral facies variation: tivae lines approximate the unit boundaries, intim@ that the evolution of
the area was characterized by the vertical sucoessf extensive environments. The difference aktigss are mainly attributed
to differences in subsidence. The higher occurr@fitke P.densa Acme interval in the sector weBt®fCC3 section, indicates
slightly different timing in the environmental ewtbdbn (later) with respect to the Eastern sectdre Buccession above the Prezzo
Limestone instead show high lateral facies variaian this part the high unit thickness differenege attributed to the growth
of carbonate banks, whose peritidal facies (ESIB$spdownward to lagoon (ESIB3) or slope/margin B23Ifacies and
ultimately to the shallow shelf (ESIB1) and deeglfstESIBO and uppermost PRZ). Differences in slérgie ratio emphasize
the thickness differences between the stratigraphits. The vertical black lines represent the esien of the stratigraphic
sections. Detailed stratigraphic sections are iffaged in the Appendix. CMR: Camorelli LimestonB1BBanco a Brachiopodi
— Lithofacies 1; BB2: Banco a Brachiopodi — Lithafss 2; PRZ: Prezzo Limestone; ESIBO-1 to ESIBBusits of the Basal
Esino Limestone (the subunits ESIBO and ESIB1 epessented together cause of the thinness of tHROESESIP: Peritidal
Esino Limestone.
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6 — DISCUSSION

The inception stage of carbonate platforms is goonmant but still poorly studied argument: thisfiphase
in the development of a carbonate system is crucilgicating the position of the platform and irdhces
its successive evolution. Unfortunately, relatedirsents, being in the core part of the carbonastesy,
are often difficult to be investigated. For thimsen and since the study deals with past conditithes
factors that triggered the birth and drove theyegibwth of a platform are rarely evident. On tloattary
most of times their comprehension is puzzling.

Our study investigated an area of about 20 x 5rkthé Southern Alps, a small window in the coreezoh

the Esino Limestone carbonate platform (middle S5ig). Since the succession has been faulted and
shortened by alpine compression in N-S directiba,distance between different stratigraphic sestian
this direction could be considerably less thanaifiginal one. By contrast the actual E-W distanesveen

the described outcrops probably approximates tiggnat one. The correlation scheme however gives a
good qualitative portrait of the vertical evolutiof the area as well as the general architecturthef
carbonate system and the relationships betweegrelift environments.

6.1 — Facies distribution and their control

As can be observed in the correlation scheme nfoteostratigraphic sections share a similar valtic
evolution. Nonetheless, the thickness of the swioesfrom the top of the Anisian platform (CMR }dp

the base of the Peritidal Esino Limestone (ESHf places very different. For example, if we adesthe
Monte del Sole (MS1) and Olmo al Brembo (OB1) sgraphic sections, that are presently distant only
about one km, the thickness of the successionlys3ihmeters in the first one while it's 136 metershe
second. Despite the two stratigraphic sections probably closer than originally, this considerable
difference must be explained as a result of diffead subsidence or lateral facies transition.

Above the Camorelli Limestone top the Banco a Bigmbdi - Lithofacies 2 already shows thickness
variations, but this can be due to the related siéipaal process: storms possibly moved the sedisnen
accumulating them into a wavy drape on the botteoem tesulted in different thickness across the.area

A major thickness variation is observed in the Poezimestone formation, which spans from zero to 18
meters. In particular, considering the Prezzo Limas thickness we can make a two-group distinction
among the stratigraphic sections:

A. stratigraphic sections where the Prezzo Limestsmieicker (more than 10 meters). These are OB1,
PB3, LN1, CB1, MN1, PR1.

B. Stratigraphic sections where the Prezzo Limesterthinner or possibly absent. These are PT1,
MS1, CC2, CC3, CP2, AR1, VC1.

Being a basinal formation, The Prezzo Limestonelav@dentify the more subsiding sectors of the area.
The possibility that its thickness differences wehge to lateral facies variation is unlikely since
interfingering with other formations is never oh&st and the passage from the Prezzo Limestonesto th
underlying and overlying formations is always rapitl single. Furthermore, looking at the correfatio
scheme, the time lines below and above the formgfo densaAcme and T1 tuff respectively), when
present, run within the same stratigraphic uniteying that the enclosed interval is coeval thraugtthe
study area despite its thickness variations. Thggests that the main factor responsible for tiffereint
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thickness of the Prezzo Limestone shall be theidebse ratio. By looking at the distribution of tReezzo
Limestone thickness we can also recognize thabssgendency in thickness increase exists movorg fr
North to South, where in fact the transition to bfasin is realized in the Parina Valley (fig.7; dvestbove
the Prezzo Limestone, instead of the Esino Limestmnthe basinal Buchenstein Formation). Not
surprisingly, the group A stratigraphic sectionsrenoompletely record the stratigraphic eventshesée
sections in fact both tHeilammina dens#®cme zone and the tuff layers are more frequestiserved.

The fact that the two time lines run in specifigtstenvironments about horizontally, without croggtheir
boundaries, also indicates that in the intervainfithe top of the Camorelli limestone to the bas¢hef
ESIB1, the environments extended uniformly acrdes study area, which was characterized by quite
homogeneous conditions and a nearly flat horizateglbsitional surface (coherently bedding surfaces
horizontal). Actually a slight difference in thegpmon of theP. denseACME zone and T1 tuff across the
study area exists: west of the Corna delle Costa #re time lines are slightly higher with respecthe
East. This suggests that slight differences in isigbge existed between the west and the east basina
sectors, with the west being earlier subsident. RN&@ral facies variations are consequently deduce

The group B sections by contrast show shorter sistmes, often lacking any time line useful for etation
with the other ones. These areas were probablyactaized by minor subsidence and possibly cowe ha
been closer to the first inception nuclei of thenBgplatform.

Above the Prezzo Limestone and in particular altbed=SIB1 subunit the passage from horizontal egldi
to inclined slope-margin bedding surfaces indictes time lines are no more horizontal. Unfortehat

no useful time lines are available within this pdtte clinostratification results into lateral fesitransition
between the units of the Basal Esino LimestonethadPeritidal Esino Limestone. These units/subuasts
well show thickness variations. In order to undandtthe reason for this, due to the absence of &ufél
biostratigraphic markers, we considered other péssiorrelation markers. In the comparison betwaen
differently thick OB1 and MS1 stratigraphic secBowe considered for the correlation the local last
occurrence of siliciclastic grains in thin sectigase chapter 5.3.3) and the presence of silic#fiells and
authigenic quartz (blue layers in fig.46; the #iation possibly corresponds with the transitiérezzo
Limestone — Buchenstein Formation in the basing gdsition of these markers at nearly the sameiposi
above the Prezzo Limestone top could indicate difégrent subsidence was no more acting during the
deposition of ESIB1 and that the observed thicknesstion observed in the succession above thezBre
could mainly result from lateral facies variati@flecting the existence of articulated topography.
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Fig.46 — Proposed correlation of the OB1 and MSatijraphic sections. In order to support the cdateon some layers are
highlighted: Black horizontal line is the top oktlPrezzo Limestone; Red layer is the T1 tuffs id;Ofllow layer is the last
occurrence of siliciclastic grains in thin secti@ee chapter 5.3.3); Blue layers indicate the pneseof silicification, possibly
corresponding, in the basin, to the transitiontie Buchenstein Formation. The detailed stratigrapg@ctions are found in the
Appendix.

On the base of these considerations we can sathihabserved differences in thickness of the ssion

in the lower part of the succession, below the kflevel are mostly linked with differences in the
subsidence rate. Above the Prezzo Limestone evedemggest that lateral facies variations were [rigba
a major cause for unit/subunits thickness variation

6.2 - The drowning of the Anisian Platform

The inception stage of the Esino Limestone platfgiiaces on the top of the Camorelli Limestone
formation, that is referred to a precedent (Anisiearbonate platform. This last was a quiet paaitid
platform, rich in carbonate mud, subject to intastldeposition (grains are ooids, oncoids, peloids,
carbonate grains) and to stromatolite growth. Realefabric is common and associated with the togimo
part of peritidal cycles (short-term subaerial esype). This area was probably quite far from thghhi
energy platform margin, more to the E&3tgRA ET AL 2011).
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Above the light-colored Camorelli Limestone top,igvhis interested by loferitic breccias deposititre
transgressive dark sediments of the Banco a Brpotio(Lithofacies 1, up to 9 m thick) sharply and
paraconformably set down, marking the drowninghad peritidal platform. These deposits, which are
dominated by marly peloid packstone and wackesiotieostracods and foraminifers, document the onset
of different environmental conditions: the changedark color and mud-richer sediments indicates a
decrease in oxygenation level and environmentaiggn@robably due to reduced water circulationg(ibi
supported by minor evaporite pseudomorphs thabaetly observed in thin section). The water depts

still shallow since fenestral fabric is still preseAn increase in siliciclastic input is also estited by sparse
intercalated marl or sandy thin beds as well agjirtz and mica grains within the thin sectionse Th
evidence suggest that the peritidal platform wamsdha turned into a very shallow low-energy lagoon,
probably partly restricted by the still survivin@fform margin in the East.

The overlying deposits, also belonging to the BamBoachiopodi (lithofacies 2, up to 11 m thickgntinue

the transgressive trend. These are mainly repreddyt dark bioturbated packstone, rich in skelgtains
(crinoid ossicles the most abundant) and foramigi@ilammina densg The observations on the outcrop
and the collected material point to interpret theimnment as a shallow shelf or lagoon. The riz$sii

and bioclast assemblage, together with intenseuttnation indicate a more oxygenated and energetic
environment, fully subtidal. On the base of similes with other fossil deposits we interpretedsthe
sediments as storm-reworked lagoonal depositshitnpghase evidence that the Anisian platform i sti
somewhere surviving are not found but cannot béuded.

The transgression finally culminates in the depasiof the Prezzo Limestone (from zero to 18 mkhic
The formation consists of a rhythmical alternatidrammonoid-rich black marly limestone beds andimar
interbeds. The formation (dominated by carbonatedstane) is attributed a relatively deep shelf
environment, with dysoxic conditions at the bottsometimes subject to storm deposition (shell-rich
levels). At this time no evidence of still existipéatform is found since no platform-derived graare
found within the formation: the Anisian platformwd be considered drowned within the study area.

6.2.1 - Mechanisms for Anisian platform drowning

From the analysis of the collected data and theetairon scheme, it results that the drowning efAlmisian
platform in the studied area occurred rapidly, sgso/e to short-term subaerial exposure (loferitic
breccias). We suggest that the Anisian platformvaied in response to the combined effect of a &ative
sea level rise after platform exposure, coupledh &t increase in terrigenous input. This resutimfthe
following considerations:

Despite carbonate platform can generally keep #ee @ven with a fast transgression when they are in
healthy conditions{ENDALL AND SCHLAGER, 1981]), relative sea-level variations have been recaghas

a major cause of platform demise and drowning. Sadlaexposure in fact can deteriorate the carlgonat
factory when the process is intense and long-laster resulting to be a major cause of platformmide

and drowningSzuLczEwsKI ET AL. (1999)for example describe the drowning succession Dégonian
carbonate platform subject to tectonic fragmentedind subsidence, which shares a similar faciclsigeo

with that observed in our succession. The cyclpaiitidal facies described by the authors firsttg a
observed to aggrade in response to fast subsidez®@ing up. The platform is then uplifted and suizdly
exposed, resulting in an angular unconformity aalqkarst features. The successive transgressian, t
was considered less rapid than that experiencedgitive precedent aggrading phase, led to the dngwn
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of the platform, that was followed first by the dspiion of storm-related condensed limestone (paclks

and wackestone) with crinoids and cephalopods tlaeml by deeper-water intercalated clay and limeston
(marly wackestone and mudstone) with crinoid ossidrilobites, reworked corals and rare brachispéd
deep and long-lasted subaerial exposure is algmmegle for the demise of the Esino Platform & th
Ladinian-Carnian boundary. Here the platform wasriaid by reddish carbonate deposits (Calcare Rosso
characterized by karst structures, paleosols, psdlaand sedimentary breccias, vadose cements and
sedimentary dikes up to 10 m deep and filled witirlynlimestones. In cases where instead the swaeri
exposure is short-time, the platform can recoves. is the case for example of the Belize Shelirduthe
Holocene {/1AzzuLLo, 2006, which experienced short-term sea-level variatiand karst processes but
always recovered after subaerial exposure.

In our case subaerial exposure of the platforned®gnized almost everywhere in the study area éafor
the transgression, but it appears to have beetivelashort-term. No karst features are in faciognized
nor soil is developed on its top. Only loferiticebcias, together with fenestral fabric, observedvary
outcrop, document the subaerial exposure. Theredoher cause for the observed rapid drowningavou
be needed. We suggest that an important factoddmale been the increase in terrigenous input. ighis
considered to be an important factor for presegttaaical carbonate factorieS (DDEMEIER AND HOPLEY,
1988) An increased terrigenous input in fact increasater turbidity on the platform, decreasing light
penetration and diminishing the efficiency of thght-dependent biotakLEyPAs (1996) furthermore
stresses the importance of mud settling as a meg@fkilling mechanism: this process is more andano
effective in the platform interior, where water emeis low and fines settle, while is supposed & b
negligible in the platform margin, where water gygprevents fines deposition. We think that thisckof
process could be a major responsible for the Amig&xitidal platform demise and drowning after serizd
exposure. The carbonate production on peritidakinplatform, after being weakened by subaerial
exposure, was probably halted by terrigenous mpogigon (the encrusting stromatolite morphology ar
not adapt to face high sedimentation). The platfonargin instead could have survived in the first
transgressive phase thanks to the higher envirotainenergy in the form of a discontinuous rim i th
East, reducing circulation in the platform inter{Banco a Brachiopodi, Lithofacies 1). The drownatgp

of the platform margin probably followed during tBanco a Brachiopodi lithofacies 2 phase, incapable
keeping the pace with relative sea-level rise.

The differential subsidence that is recognizedhm d¢tudied area could be due to a tilting of thetiBel
platform or also to block faulting. The limited ¢khess differences that are observed in the staginic
sections are compatible with both the interpretetidNonetheless the different evolution that appear
heterogeneously characterize the area better agideshe faulting of the area in differently sutbisig
blocks.

6.3 - The Inception of the Esino Limestone platform

After the deposition of the Prezzo Limestone thgressive trend starts and progressively brings back
peritidal platform conditions in the area. Thetfgediments to settle above the Prezzo limestanbexdded
dark-blackish limestone belonging to the basalnimsho limestone (ESIBO). These strata, piling ufyon
about 2 meters, are rich in shells and have micie$abioclast packstone and wackestone) compatable
those reported in the storm-related facies of thez#® Limestone. Nonetheless these deposits are
distinguished from the Prezzo Limestone for notilgthick marl intercalations. This basalmost dithe
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Esino Limestone represents a transitional faciéaden the Prezzo Limestone and the Esino Limestone
and, analogously to the Prezzo Limestone, is redeto a shelf environment subject to storm depmssiti

Above, the stratigraphic interval from the subUE®IB1 of basal Esino Limestone to the Peritidahisi
Limestone describes the regressive trend wherateption and diffusion of the new carbonate plaitfo
is observed. Its thickness ranges from 23 m (M&itigtaphic section) to 105 m (OB1 stratigraphicties)
but it's generally about 65 meters. The first ewicke of the shallowing of the area is recognizetha
ESIB1 subunit (up to about 20 m thick): here th@ds, mostly peloid packstone with bioclasts arated
grains, are similar to the Banco a Brachiopodi @fi#tties 2, such that at the CP2 stratigraphic @edtwo
samples from the two units are hardly distinguistaBrinoid ossicles return to be frequent. Aburidan
coated grains are found and are a major charaatesfehis unit: the microfacies analysis has ieded that
they comprise oncoids and cortoids. These grain® \peobably typical of this environment and not
transported to it. They are in fact abundant onljiw this part of the succession and progressivetiyce
upwards and disappear. The faint horizontal beddirige ESIB1 subunit suggests that these depwsits
lying on the flat bottom of the shelf. These kirffdsediments have been associated to shallow shgbich
environments. The coated grains were probably fdrimeonsequence of the return to shallower coorati
on the shelf bottom, due to the combined effectlgal-microbial growth plus transport by water emts.
These deposits sometimes also contain fragmempistbdrm building organisms. Among theBaccanella

is here the most abundant, but alstiphytesand calcareous sponges are present. This facttedithat
platform inception was taking place nearby in thiase and that platform material was exported én th
surroundings. Unfortunately, in the studied outcnope of the very early nuclei of the Esino Limesto
platform, source of these patrticles, are observed.

The overlying ESIB2 subunit (up to about 70 m thickmainly constituted by intraclast packstonewoft
with platform-derived skeletal grains (less than)3#d commonly shows faint inclined stratificat{@tout
20°-30°). Most of the platform building biota isuiod as detrital grains within the sandy sedimentoAg
theseTubiphytesis the most common, followed by calcareous spantyeplace branching structures
(boundstone), produced Bybiphytescalcareous sponges, corals or problematicagaeeand small. This
part identifies the sandy slope and margin of patelfis/carbonate banks growing on the surroundieg.s

It must be noted that where outcrop conditionsvali@noramic view on a large transect of the suaoess
(e.g. CP2, PR1 stratigraphic sections), this gartcognized to be composed by successive phaseBds

26 and fig. 30) of bank aggradation-progradatiod-Z8 m thick each), probably in response to higher
frequency sea-level variations.

These deposits pass upwards to the ESIB3 subuditemtly to the Peritidal Esino Limestone. The B3I
(from zero to about 50 m thick) includes peloid sone or grainstone with shallow water oncoids@and
dasycladaceans, which are typical of shallow wégoons [FLUGEL, 2010. This subunit has faint
horizontal bedding. We suggest that these depargtthe filling of shallow lagoonal areas that wesaized
in between the growing carbonate banks. Its higditiom in the stratigraphy probably indicates ttre
required shallow water conditions were achieved ik after the birth of first platform nuclei, wh water
depth was lower.

The ESIB3, or sometimes even directly the ESIBZmaitely passes upwards to the Peritidal Esino
Limestone, that results quite similar to the Cartidcenestone. The Peritidal Esino Limestone is gmsed
by light-colored bedded limestone comprising strtwii@s and ooidal-oncoidal calcarenites (packstome
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grainstone). Fenestral cavities and loferitic biezare newly present. Tepees and marine cemengssar
present. This unit makes up a gross part of theesstive mature Esino Limestone platform. The
sedimentary environment is an inner platform angthy quiet algal flats and tidal channels.

The accomplishing of peritidal conditions occurtguiigh in the succession, at least 25-30 metergeab
the Prezzo Limestone top (MSL1 stratigraphic settzom commonly more than 40 meters (60 m at CP2
section). This fact indicates that the first ing@ptnuclei were probably fully subtidal patch reeBnly
later, the growing carbonate banks were able,lliydgithe depositional space, to reach the dimersand
elevation necessary to develop peritidal faciesapn By looking at the outcrop of CP2 section wa ca
hypothesize that the height of the first patch ed®fve the basin for having peritidal facies ondopld be
about 30-40 meters. This would be also the appratarwater depth. Carbonate banks like this onelghou
have been at least several tens of meter wide.

6.3.1 - Mechanisms for Esino platform inception

None of the studied outcrops intersects one ofvétry early nuclei, nonetheless information can be
indirectly gained by the collected data. The nuateeof the carbonate platform necessarily occudwetng

the ESIBO or ESIB1 deposition, that is after thpatgtion of the Prezzo Limestone (max transgre3siod
prior to the deposition of ESIB2 (representing dggradation-progradation of the margin-slope faofes
carbonate banks).

The ESIBO is the first regressive subunit. Desfhige strong similarity with the Prezzo Limestonethie
microfacies and the environmental interpretatioeefd shelf), the lack of significant marl intercedas
indicates a sensible increase in the carbonatdigglastic ratio with respect to the previous riwation.
This difference could be explained with:

» adecreased terrigenous input due to an envirorahfactor
e anincreased carbonate production due to the diihe new platform nuclei

Among the two possibilities, we think the most likis the decrease in terrigenous input, which atsad
have favored, due to the reduction of the watdvidlitty, the subtidal nucleation of the carbonaiform.
An increased carbonate production is unlikely bseanf the lack of platform-sourced material witttie
ESIBO microfacies.

The shallow shelf or lagoon deposits of the ESIBLsit also store skeletal grains from margin-builde
biota thus indicating that during its depositioa thception of the Esino Limestone platform hadupced.
These skeletal grains, that are found mixed wilteoskeletal debris from benthic biota and withteda
grains, were probably transported from storms. ddraposition of detrital margin-related biota indes
thatBaccanella floriformisand to a less extemubiphytesvere pioneers in platform inceptiddaccanella
floriformis probably lived in a deeper environment thRubiphytes as can be deduced by its higher
abundance in the lower part of the Basal Esino ktoree (fig.31).

The inception of the platform shall have requiredhe little areas of stable substrate on which bts¢ f
nuclei could start to grow. Three different orifan these areas have been considered:

1. Structural highs
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2. Sedimentary highs (new or relict)
3. Undrowned Anisian platform banks

1- Despite tectonics appear to have been a leadirtgrfac driving thickness differences during the
deposition of the drowning succession, the reatimaif tectonics highs cut into the precedent salbst
where first margin biota could initiate the platfogrowth, as for the Latemar platforii {RANGON ET
AL. 2011, seems here unlikely. Since the Prezzo Limestdeposits were not consolidated a
considerable tectonic displacement between bloc&sldvbe required in order to expose better
consolidated rocks (the first competent substratédchave been the Banco a Brachiopodi — lithotacie
2, which shows early cementation). Nonethelessrias3ic faults are observed in the outcrop nottfaul
scarp breccias are recognized and can suppoddérsry.

2- Another possibility is that the first nuclei empggicover cemented reliefs from the ESIB1 or Banco a
Brachiopodi — Liethofacies 2 phases. The storm rkiwg process in fact, characteristic of thesegjnit
is capable of moving the sediments creating a wantjom with small reliefs on which the first reef
could have develop. Moreover the deposits fromethuedts are rich in skeletal material and are oleskr
to have been prone to early cementation, thus ¢beld effectively built a solid base for carbonate
platform inceptionBERRA ET AL (2011) suggest a similar mechanism but place the incepio the
cement-rich and fossil-rich deposits that are fasremi“Lumachella di Ghegnéarovmmvasi, 1911,1913),
belonging to the Esino Limestone in the Roncobatka. NonetheleskDouUL ET AL (1992)report this
rocks well above (80-100 m) the top of the Prezimpdstone, thus this rock body could not be idesdifi
as the substrate for platform inception. In ouldfieork this rock was not found in place then itaetx
stratigraphic position cannot be reported from us.

3- The possibility that the Anisian platform did nebdned completely and passed upwards into the Esino
Limestone is another possible solution. This caxplain the source of the carbonate mud during the
Prezzo Limestone deposition. Nonetheless we cartredyno detrital grains from the platform are
observed during the Prezzo deposition. The padsageone platform to another is observed in thw
western sector. The Prezzo Limestone is comparveithethe gulf of the Belize shelf.

We suggest that the inception of the carbonatefgoiat more likely occurred on cemented skeletal
accumulations that were built during the depositbérthe ESIB1 subunit or during the deposition foé t
Banco a Brachiopodi — lithofacies 2 but were nobptetely submerged by the Prezzo Limestone depaositi
(this could have occurred in the less subsidingsre

The inception of the carbonate platform, provideel favorable stable substrate, was probably favoyed
the relative sea-level fall and from the observpdard decreasing siliciclastic input from the tdptee
Prezzo Limestone to the Peritidal Esino Limestdree inception of the platform cannot be relatechwait
change in the biotic community since the carbofettry is not different from that described in thider
Camorelli LimestoneGAETANI, 1989.

6.3.2 - From inception to coalescence

The fact that the very first inception nuclei oétplatform are never observed in our outcrops prigba
indicates that they were few and small with respetiie shelf area. These nuclei are thought iaibated
as fully subtidal patch reefs and could have bedn tens of meters wide. A present-day analoguéi
situation could be the Great Barrier Reef, whereiimber of subtidal patch reefs punctuates the keatkr
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area (fig. 47). From this situation the observedl@ion evidences the growth of carbonate bankghen
surrounding shelf area, increasing in width angjtigifinally developing peritidal facies on top.

Fig.47: Patch reefs in the backreef area of thedbiarrie Reef (Australia).
(From https://biology4me.files.wordpress.com)

Where favorable exposure allows the observatiodepiositional geometries these carbonate bodies are
observed to grow in successive phases, in responkmver-order sea-level fluctuations, with upward-
reducing thickness. These carbonate banks thult tedoe up to 40 meters high and hundreds of meter
wide. The continued carbonate bank growth finaly 1o the filling of the depositional space andtjd
conditions spread all over the area.

A similar coalescing trend is reported BycHTEL ET AL. (2011} the authors studied the early evolution of
a Miocene carbonate platform in the Browse Basinsfralia) by means of 3D seismic imagery (fig.48).
This method allowed the reconstruction, throughizoortal cross sections of the areal evolution & th
platform. This is observed to be initiated as spaiscular or elliptical (current-dominated enviroent)
buildups 1 km in diameter and 100 meters high. @mglacing of the buildups was not coeval and was
focused on structural highs induced by faulting difterential subsidence of the underlying succassi
The progradation of the buildups margins resultesticcessive phases of buildups coalescence, ethanc
also by the growth of new buildups in the seawagte/ben the larger platforms that resulted in tldecgon

of current flow and the sedimentation and fillinfglee seaways with sediments.
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| s’ C D
Fig.48: Horizontal slices of the 3D seismic modehdiocene carbonate platform from the Browse Bdaiustralia).
The frames from A to D show the growth of the caalb® platform from the inception of sparse nuckeired arrows)
to the coalescence of carbonate banks into a siplgliéorm (D). (fromBACHTEL ET AL2011)

A B

6.3.3 — Comparison with the Latemar Platform

The observation of the inception stage of the Edimestone platform allowed us to describe the
architecture of the carbonate system from the desdpdf facies up to the peritidal facies. For enparison
we can look at the coeval Latemar platform as vessidbed byIARANGON ET AL. (2011) The fig.48 below
summarizes the equivalent deposits and their diffegs. See also fig.49 for the cross section dfdkemar

Platform.

scarce skeletal Erains (also
calctsponges. Tubiphytes, Baccanella.
Corals). Various types of boundstone
including Tubiphytes calcisponges and

generally dominated by microbial
carbonate or clotted peloidal micrite.
Calcisponges and Tubiphytes are
frequent. Botryoidal cement can be

Environment Early Esino Platform Early Latemar Platform Comparison
(this study) (MARANGON ET AL 2011)

Shelf / Toe of the slope | ESIB1: Peloid Packstone with skeletal | 53-4: Wackestone to packstone- | The facies are similar.
grains (crinoid ossicles, echinoid | prainstone rich in skeletal grains | Breccias are lacking in our
spines, brvalves, gastropods. | (bivalves. radiolarians. deposits and also in the Latemar
radiolarians?) and coated prains. | echinoderms gastropods. lumps and | during the early phase (except the
Detrital problematica are locally found. | fragments of mucrobial boundstone). | faunlt-scarp  breccias) as  a

Local geopetal structures. consequence of the low relief.
Slope / Margin ESIB2: Packstone to gramnstone with | M1-5: Varnous types of boundstone | In our deposits boundstone are far

less comunon with respect to the
Latemar. Cements as well are less
common.

Monetheless the same biota is

and oncoids; stromatolitic boundstone.
Fenestral cavities, tepees. Botryoidal
fibrous calcite.

traces of vadose diagenesis. Tepees.

clotted peloidal micrite are limited. present in cavities. Grainstone can be | recogmized to most of  the
Cemented cavities (fibrous radial | present as well contamming defrital | boundstone types.
calcite) are found within the | also detrital calcisponges. Tubiphytes
boundstone. and calcimicrobes. 51-2: Boundstone
with Tubiphytes, calcimicrobes and
diffuse radiaxial fibrous cement in
locally extensive cavities.

Shallow Lagoon ESIB3: P3.7: Wackestone. packstone and | The facies are similar. The
Packstone and grainstone with oncoids | grainstone  with  oncoids and | Latemar facies are attributed to
and dasycladaceans. Cemented cavities | dasycladaceans; bouadstone with | Outermost Platform.

{fibrous radial calcite) locally occur. clotted peloidal micrite and radiaxial
fibrous cements.

Inner Platform ESIP: P1-2: Dolostone and wackestone with | Our facies seems to be more high-
Packstone and grainstone with ooids | stromatolites. The facies exhibit | energy.

Fig.49: The table summarizes the facies charadiessrom the different environment in the earlyrgsLimestone

carbonate platform and in the coeval Latemar platfo
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The Latemar platform developed under different @ors with respect to the Esino Limestone: itngact

an isolated platform that grew on a tectonic high mto precedent carbonate formation (Contrin
Formation). The early Latemar was larger, hundredseter width and a few hundred meters high.
Nonetheless most of their facies are similar: tnelf&oe of the slope facies are comparable. Thegima
and slope facies share the same main biota butatenar has more boundstone and cements. The early
Esino Limestone slope and margin facies are indactinated by grainy detrital sediments. Lagooaeikfs

that were realized between carbonate bank in tbepiion stage of the Esino Limestone are quite
comparable with the outer platform facies of Mar@amegt al. (2011), referred to the “outermost platfo

The Esino peritidal facies area more high energybgbly due to the presence of more channels rgnnin
through the inner platform area.

OUTERMOST PLATFORM

LEGEND:
@ Bivalves ¥ Calcareus sponges in fifle position Tepees
#~ Thin shelled bivalves = Calcareus sponges not in ife posiion & Cawities filled by cements
a:, Gastropods ¢ Tubiphites in iife position %% Boirycidal cements

el il ", Tubiphites not in life position el .
| MLy SN ~ Peloids s Radiaxial-fibrous cements
» E;Eﬁ::ar:: & Clotted peinidal micrite o . Dalinds copinls
# Dasycladacean algas - Dhaoida {22, Microzparite crusts boundstone Facies joints
= Macrotubus < Piaoids [1%:3 Tubiphytes boundsions Bed jointe

Fig.49: Composite schematic cross section of thterbar platform with facies distribution. Figure rtotscale.
From MARANGON ET AL2011

6.4 - The Inception Stage of the Esino Platform: a multistep model

The evolution of the area illustrated in the Catieln Scheme 2, recording the inception stagee&iino
Limestone carbonate platform after the demise @#thisian platform, can be better representeddirstep
story:

1- Drowning of the Anisian peritidal platform (fig.58-and B)
The top of the peritidal platform (Camorelli Limese) is briefly exposed. Successive transgression
rapidly leads to the drowning of this platform sedbr the detrimental effect of subaerial exposure
and for the negative effect of terrigenous muduixih this area. The platform margin, more in the
East probably survived longer, in the form of acdiginuous rim that drove low-energy condition
and restricted circulation on the platform top (Bata Brachiopodi, Lithofacies 1; fig.50-A) which

s
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experienced very shallow water lagoonal depositidre continued transgression probably led to
the drowning of the platform margin too. On thetfolan top the transgression increased water depth
while the drowning of the marginal rim allowed moggen, high-energy and oxygenated conditions.
The sediments, reworked by storms, bioturbatedranidin skeletal grains (mostly crinoids and
forams) are associate with a shallow lagoon (Bam®&rachiopodi, lithofacies 2; fig.50-B). The
transgression culminated with the deposition of Pnezzo Limestone, indicating relatively deep
dysoxic shelf conditions, with occasional storm @&pon (carbonate mud with intercalated shell
lags). In this phase no traces of nearby carbgulateorm are found.

Nucleation (fig.50-C)

The regressive trend terminates the Prezzo Limeddeposition and restores shallower conditions:
the area is newly in the reach of storm reworkind the deposits again bioturbated and rich of
skeletal grains (mostly crinoids). Shallow shekigdonal conditions are restored again (ESIB1).
Coated grains are abundant and produced here lopthigined algal-microbial activity and current-
wave reworking. During this phase, above stabléet&ledebris reliefs (formed by storms or relict
from a precedent phase) the first platform nucidc®wn, dominated by the forBaccanellaand
TubiphytesThese first nuclei punctuated the surface oftiedf and were fully subtidal.

Growth of the nuclei (fig.50-D)

After the inception of the platform nuclei, thelsanate banks (ESIB2) expand over the surrounding
areas growing in width and height till developingripdal conditions on their top (ESIP). This
carbonate banks have an estimated height abowshéhieof 40-20 m and slopes about 20-30° and
grow in more phases in response to sea-level i@mgmtThe shallow-water protected areas that are
realized in between the carbonate banks are tutaeshallow lagoons, where oncoids and
dasycladaceans develop (ESIB3). The water depthisrphase, coincident with the height of the
carbonate banks, is estimated less than 40 mptegressively reducing upwards in the succession.

Coalescence (fig.50-E)

The growth of the carbonate banks outpaces thergigme of depositional space and ultimately fill
it up, leading to coalescence of the carbonate$enk single wide carbonate platform. The petitida
conditions that are typical of the topmost parthef banks (ESIP) spread all over the area.
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Fig.50: Step-model evolution of studied succesgm.he initial drowning of the Anisian platforniet inner platform
(CMR -Camorelli Limestone) is substituted by a vemgllow lagoon (BB1 - Banco a Brachiopodi — Litwés 1); B) The
drowning of the platform is completed and the démosl surface is brought deeper: first fully sidatl lagoon or shallow shelf
conditions (BB2 - Banco a Brachiopodi — Lithofac®sare developed. Then deeper shelf conditionseaehed (PRZ - Prezzo
Limestone). C) The inception of the Esino Limestpia¢form is realized on skeletal debris reliefdhieTplatform nuclei
progressively expand: the margin-slope facies (Rpl&dvance toward the basin, while platform matespreads on the
surrounding shallow shelf areas (ESIB1). D) Thefplen nuclei expand over the basinal areas and hethe water level forming
inner platform areas (ESIP). Between the carborieteks, in the protected shallow areas, lagoonsdeeeloped (ESIB3). E)
The carbonate bank fills up the depositional spadé their deposits and rapidly expand and merge isingle wide inner
platform area
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/7 — CONCLUSIONS

The Anisian peritidal platform (Camorelli Limestgneas drowned after a subaerial exposure and
the successive transgression. We suggest thaethesel of the platform was caused by combined
factors: the carbonate factory was only weakenedubaerial exposure, that was short-term (no
soils or karst features are developed on its p)ajor factor for the platform drowning is thought
to have been the increased siliciclastic input,itt@eased turbidity and, above all, led to tenigus
mud settling in the low-energy inner platform argappressing stromatolite growth. In the platform
margin, the carbonate factory was probably ableetep up thanks to the higher environmental
energy (preventing fines deposition) and to bifdirens more adapted to sustain high sedimentation
rates (erected forms). The realization of a disoous rim was probably responsible for the
observed sudden transition from peritidal condgitmdark and low energy (locally restricted) very
shallow lagoonal conditions (Banco a Brachiopodhdafacies 1). The continued transgression then
progressively rose water depth, moving the depsti surface first to higher energy storm-
reworked lagoonal condition (Banco a Brachiopodthdfacies 2) and ultimately to relatively deep
shelf conditions (Prezzo Limestone). The completavding of the Anisian platform is probably
realized during the deposition of the Lithofaciesf2he Banco a Brachiopodi.

The Inception of the Esino Limestone is succestivibe Prezzo Limestone deposition. The very
first platform nuclei are not observed in the stadoutcrops, nonetheless we suggest they started on
stable skeletal debris reliefs formed by storm néing during the deposition of the ESIB1 subunit
(basal Esino Limestone). These first nuclei weabpbly few and scattered above the shelf surface
and were fully subtidal. The pioneer forms thatteththese carbonate nuclei were probably the
microproblematicaBaccanellaand Tubiphytes which are the first and most common platform-
building organisms to be found in this moment. Tdarable conditions that triggered their growth
would be, other than relative sea-level fall, teduction of siliciclastic input, which is observied
decrease upwards in the succession. Later, aslaoésarbonate bank growth (ESIB2) and relative
sea level fall, peritidal facies formed on theip (ESIP). We suggest that these larger carbonate
banks were 30-40 meters high above the shelf andrbds of meters wide. Lagoonal conditions
were realized in between the carbonate banks wiater depth was shallow (ESIB3). The growth
of these carbonate banks in the area outpaceatihefrgeneration of depositional space leading to
coalescence and the emplacing of peritidal conustadl over the area. A single widespread peritidal
platform was then newly realized.

Two important correlation lines, one being the Adnterval of the benthic foraminifé&ilammina
densaand the other being a tuff layer (T1 tuff, corr@sging to the CGt Tuff), are recognized in the
area and were found in many of the stratigraphstees. CGt Tuff is reported also in coeval basinal
successions and will allow the calibration of theeidsed succession with the Ammonoid
biostratigraphic scale.

Thickness differences in the order of several nsetdraracterize the formations of the studied
interval. These differences can be explained Hegdihtial subsidence or by lateral facies variation
We could recognize that in the stratigraphic indrthat goes from the top of the Camorelli
Limestone to the lowermost part of the Basal Edimoestone (basal ESIB1), due to the fact that
time lines run through the area always in about game stratigraphic level and in the same
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environment, that the observed differences in tesls are mainly due to diverse subsidence rates.
Furthermore, it results that the same environmetdalitions were present all across the area,
indicating that, as supported also by common hatedobedding, a flat-lying topography
characterized the area and environmental change@lty interested all the area. The stratigraphic
interval which goes from the ESIBL1 to the Peritilaino Limestone lacks instead strong time lines.
Anyway some hypothetical time lines observed in B8IB1 suggest that in this interval lateral
facies variation would be instead a major causé¢hfe@observed thickness variations.
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8 — Appendix: Stratigraphic sections
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