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Abstract

Information is provided about the dolosparite from the Puez area (Gardenacia Plateau, South-
ern Alps) near Wolkenstein (S.Tyrol, N.Italy). At the Puez locality on the northern part of the
Trento Plateau, the dolosparite appears with a whitish to yellow, granulated structured facies.
The term Gardenacia Formation was established for this dolomitised facies on the Gardenacia
Plateau. The dolosparites were transformed from Lower Cretaceous limestones of the primary
Biancone/Maiolica type facies. The succession of the whitish dolosparite, the overlaying greyish
Biancone Formation and the reddish Rosso Ammonitico facies sheds light on the late diagenetic
and tectonic history of the Puez area and the Dolomites. The age of the primary limestone is late
Valanginian to early Hauterivian. Based on the fabrics and stable isotope data ('3C, §'*0) of the
dolosparites a burial recrystallisation with a late diagenetic (consolidated sediment) dolomitisa-
tion cycle is assumed.
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Zusammenfassung

Informationen zur Dolosparit Fazies aus dem Puez Gebiet (Gardenacia Plateau, Siidalpen) nahe
Wolkenstein (S. Tirol, N. Italien) werden présentiert. An der Lokalitdt Puez am ndrdlichen Teil
des Trento Plateaus tritt der Dolosparit mit weillich bis gelblicher, korniger Fazies auf. Der Ter-
minus Gardenacia Formation wurde fiir diese dolomitisierte Fazies auf dem Gardenacia Plateau
eingefiihrt. Die Dolosparite wurden aus unterkretazischen Kalken der primédren Biancone/Maio-
lica Fazies transformiert. Die Abfolge von weilichem Dolosparit, der {iberlagernden Biancone
Formation und den rétlichen Rosso Ammonitico Puezzese Kalken wirft Licht auf die spit-diage-
netische und tektonische Geschichte des Trento Plateaus und der Dolomiten. Das Alter des Aus-
gangsgesteines ist spites Valanginium bis frithes Hauterivium. Basierend auf dem Gefiige und
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den Daten der stabilen Isotope (8"°C, §'%0) der Dolosparite wird eine Versenkungs-Rekristallisa-
tion mit einem spit-diagentischen (verfestigtes Sediment) Dolomitisations-Zyklus angenommen.

Schliisselworte: Dolosparit, Spate Diagenese, Unter-Kreide, Puez, Dolomiten, Italien

Introduction

The complex Mediterranean palacogeography of Jurassic and Cretaceous domain
(FOURCADE et al. 1993; LUKENEDER 2010, 2011) is characterised by the presence of
microplates situated in the middle of the Tethyan oceanic corridor between the African
and European landmasses. The microplates were limited by the Penninic Ocean (= Alpine
Tethys) to the North and the Vardar Ocean (= Meliata Ocean) at its South-East border
(DERCOURT et al. 1993; SCOTESE 2001; STAMPFLI & MOSAR 1999; STAMPFLI et al. 2002).

In the Southern Alps and especially in the Dolomite Mountains, Upper Jurassic to Lower
Cretaceous cephalopod-bearing deposits are mainly recorded in three different facies,
the red, nodular carbonates of the Rosso Ammonitico Formation (RAP = Rosso Ammo-
nitico Puezzese at Puez; LUKENEDER 2011) formed on submarine highs, the calcareous
nannofossil limestones of the Biancone Formation (= Maiolica Formation elsewhere in
Italy; LUKENEDER 2011) and the more marly Puez Formation (marls—marly limestones)
formed mainly on slopes and basins.

The formation of these different facies types occur on a mosaic of platforms and sub-
marine rises (e.g., Trento Plateau; WEISSERT 1981; LUKENEDER 2010, 2011) and several
depths and basins (e.g., Lombardian Basin, Belluno Basin) to the east, were established
due to Jurassic tectonics, caused by the opening of the Atlantic and Penninic Oceans
(BOSELLINI 1998; FOURCADE et al. 1993). The history of this area reflects the evolu-
tion of the Circum-Tethyan area. The evolution of marine biota on the Southern Alpine
microplate and the southern European shelf was influenced by continuing disintegration
of carbonate platforms during the Early Cretaceous. The central Atlantic, the western
adjacent Ligurian Ocean, and the newly formed Penninic Ocean were opening during
Early—Middle Jurassic (CECCA et al. 1992; FOURCADE et al. 1993). The Puez area is sit-
uated on the northernmost part of the Trento Plateau within the Dolomites, located on
one of the so formed submarine plateaus the Puez-Gardenacia Plateau. The history of
this elevation lasts back to the Triassic, over the Jurassic and ends with sediments of the
Lower to Middle Cretaceous (WEISSERT 1981; BOSELLINI 1998).

Cretaceous pelagic to hemipelagic sediments cover relatively small, restricted areas in
the Southern Alps. Lower Cretaceous deposits form a major element of the mountainous
area of the higher Dolomites (HOERNES 1876; HAUG 1887, 1889; UHLIG 1887; RODIGH-
IERO 1919; AGIP MINERARIA 1959; BACCELLE & LUCCHI-GARAVELLO 1967a, b; STOHR
1993, 1994; COSTAMOLING & COSTAMOLING 1994; LUKENEDER & ASPMAIR 2006). The
geology of the Dolomites and adjacent areas has been described and summarised in
detail by AVANZINI & WACHTLER (1999), Pozzi (1993), GEYER (1993), HEISSEL (1982),
BOSELLINI (1998), BOSELLINI et al. (2003), and LUKENEDER (2008, 2010, 2011).
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Fig. 1. Geographical overview (Dolomites, S.Tyrol, Italy) showing the study area and the type
locality of the Puez Formation, Piz de Puez. Outcrops of Lower Cretaceous rocks and dolospar-
ites (yellow) on the Puez-Odle-Gardenacia Plateau are indicated.

In the Dolomites, Lower Cretaceous cephalopod-bearing deposits are mainly recorded
in two different facies, the calcareous limestones of the Biancone Formation (= Maiol-
ica Formation elsewhere in Italy) and the Puez Formation (marls—marly limestones).
The Lower Cretaceous relicts are situated on the Triassic limestones of the Dolomites
(Hauptdolomit = Dolomia Principale, up to 1000 m thick) covered at the Puez area by
Dachsteinkalk with megalodontid bivalves (up to 10 m; see KEim 2007). At most of the
localities where Lower Cretaceous sediments were found in the Dolomites, a relatively
thin bed of dolosparites (4—8 m), overlain by Biancone type limestones (2—4 m) and
followed by red nodular limestone of the Rosso Ammonitico facies type (= Ammonit-
ico Rosso Fm.; 5-20 m) between the Triassic and Lower Cretaceous Puez Formation is
observed (LUKENEDER 2010, 2011).

The time of the formation of dolomite crystals (dolomite CaMg[CO;],) by the trans-
formation of primary sediments during the diagentic history is crucial, but still under
debate, for the entire diagenetic process. The two main genetic dolostones are synsed-
imentary dolomites and postsedimentary dolomites (= postdepositional dolomites;
see BuDD 1997; MACHEL 2003). Such whitish to yellow dolosparites with granulated



38 Annalen des Naturhistorischen Museums in Wien, Serie A, 117

w E
Puez - Gardenacia Gadertal - Val Badia Kreuzkofel - Sas dla Crusc - Fanes

) 1000

1

Puez 750
Formation B

= Rosso i S| 1.2 ]
Biancone Ammonitico == T3l (SR IO | B D O IS = oo
Formation " B ) . . i

[m grey limestone group : !

= Fanes & Dachsteinkalk B
Gardenacia Encrinit L1\ 250
Formation ==

1 km Hauptdolomit
-0m

Fig. 2. Composite schematic E/W transect of the relevant Triassic to Cretaceous formations and
lithologies around and at the Northern Trento Plateau and the Puez sections. The dolosparites of
the Gardenacia Formation are indicated in yellow (modified after KEim 2007; not palinspastically
corrected).

structure were recognised by GEYER (1993) and KEiM (2007) in the Dolomite Mountains
(Southern Alps) and by Cecca et al. (1995) from the Umbria-Marche region (Central
Apennines) as “Maiolica with saccharoidal structure”. All of the latter authors noted
already the possibility that these dolosparites were transformed from limestones of the
primary Biancone and Maiolica formations.

The main goal is to present more details on the dolosparites of the Puez area within the
Southern Alps, to have an appropriate instrument for earth scientists dealing with that
kind of secondary, transformed sediments.

Geographical and geological setting

Geography

The outcrop is situated on the Puez-Odle-Gardenacia Plateau in the Dolomites (Tren-
tino — Alto Adige; South Tyrol). The exact position is about 30 km northeast of Bozen
(Fig. 1). The localities are accessible from the village Selva di Val Gardena (= Wolken-
stein, 1,560 m) in the Val Gardena (Grdédner Tal) by following the Val Lunga (= Langen-
tal) to its eastern end and then hiking on paths 16 and 2 up the steep dolomite wall. An
additional possibility is to hike from Colfosco (= Kolfuschg, 1,645 m) with the Rifugio
Edelweiss (= Edelweiss Hiitte, 1,836 m) on paths 4 and 2 (LUKENEDER 2014). The out-
crops are located near the Rifugio Puez (= Puez Hiitte, 2,475 m). The Lower Cretaceous
crops out running between the Col da la Pieres (2,747 m) at the west flank and the Col
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de Puez (2,725 m) at the eastern border (Figs 1-2). The whitish, yellowish, grey, green
to red succession, comprising the dolosparite layers at the lowermost part of the non-
Triassic succession, is located on the southern side of the Pizes de Puez (= Puezspitzen,
up to 2,918 m, 1:25,000, sheet 05 Val Gardena) and the Col de Puez (= Puezkofel,
2,725 m). The dolosparite occurrence is exposed on the steep southern flanks. Almost
3,000 m high mountains, steep terrain and coverage by rock fall debris after the winter
made sampling very difficult.

Geology

The section studied is located in the Southern Alps (Dolomites) of northern Italy
(LUKENEDER & ASPMAIR 2006; LUKENEDER 2008). The stratigraphy of the Lower Creta-
ceous sediments here is based on ammonoids, microfossils and nannofossils. During the
late 19" and early 20™ century, a rich fauna of cephalopods was collected from Lower
Cretaceous sediments from this area and determined by HAUG (1887, 1889), HOERNES
(1876), UHLIG (1887) and RODIGHIERO (1919). Additionally FARAONI et al. (1995, 1996,
1997) reviewed the papers published on Cretaceous ammonoids of the Maiolica Forma-
tion (= Biancone Formation in the Southern Alps) from the Venetian Alps, which directly
adjoin to the south of the Dolomites, and the real Maiolica Formation of the Central
Apennines.

The outcrops described herein are exposed on the Puez-Gardenacia Plateau. They are
located within the area of the Puez-Odle-Geisler natural park in the northern part of the
Dolomites. The Dolomites (Permian to Cretaceous) are an internal part of the Southern
Alps which are a Northern Italian chain that emerged during the deformation of the pas-
sive continental margin of the Adriatic (BOSELLINI et al. 2003).

The geological landscape of the Puez region is dominated by the giant Triassic car-
bonate platforms. The top of these carbonates bears relicts of Lower Cretaceous sedi-
ments which were formerly much more widespread but have been eroded through time.
The Lower Cretaceous sediments here are overthrusted (“Gipfeliiberschiebung”) by the
older Triassic Hauptdolomit (Fig. 2). This phenomenon can only be observed at the
Puez-Gardenacia and Sella areas located directly to the south (HEISSEL 1982). The thick-
ness of the overthrusting dolomite differs markedly at different localities (0—150 m).
Triassic Hauptdolomit (= Dolomia Principale) is overlain by strongly dolomitised layers
(granulated structure, whitish to yellow) from most probably dolomitised former Bian-
cone facies (see GEYER 1993; Fig. 3). This type of dolomitised sediments was called, in
the Umbria-Marche region, “Maiolica with saccharoidal structure” (CECCA et al. 1995).
Such dolomitised limestones characterise the first portion of the Maiolica deposited on
the Jurassic pelagic carbonate platforms (PCP). Their thickness varies from 40-80 m
on PCP up to 450 m in basin areas CECCA et al. (1995). On the geological map by KEim
(2007) such dolosparites located on the Puez-Gardenacia Plateau were termed dolospar-
ites of the Gardenacia Formation.
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Fig. 3. Locality and stratotype of the Puez Formation with logs P1 and P4 at the Col de Puez
(= Puezkofel). A, logs P1 and P4 below the Col de Puez at the transition from Triassic Haupt-
dolomit, over dolosparites to Biancone limestones. B, dolosparite beds at the base of log P4. C,
dolosparite beds at the base of log P1. Overthrust of the Triassic Hauptdolomit over the Lower
Cretaceous Puez Formation is marked by the white, dashed line.

The Lower Cretaceous (late Valanginian — early Cenomanian) at Puez starts with
pure limestones of the reddish to grey Biancone limestone (late Valanginian — early
Hauterivan; Fig. 4). Biancone is the local name for the more broadly known Italian
Maiolica Formation (FARAONI ef al. 1995, 1996, 1997; WIECZOREK 1988). The Maiolica
limestone appears with variegated colours and microfacies. It shows numerous changes
from grey to red beds within approx. 20 m of thickness (LUKENEDER 2011). The situation
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in this lowermost parts is not completely clear due to the bad outcrop conditions (talus
debris and snow) in the lower parts of the Lower Cretaceous. The following beds (4—6 m
thickness) show similarities to the Rosso Ammonitico (A.R. Superiore), termed as Rosso
Ammonitico Puezzese (Fig. 4; LUKENEDER 2011). The Rosso Ammonitico Puezzese
facies is followed by the Puez Formation with its distinct members. The succession
shows a transition from limestones into the marly upper half of the log. This sequence
shows the evolution of the northernmost part of the Trento Plateau at this time (DER-
COURT et al. 1993). The Trento Plateau (= Piattaforma Atesina) reaches from the south
(around Trento) up to the Puez region and was formerly surrounded by two basins: the
Lombardian Basin (= Bacino Italiano) to the west and the Belluno Basin (= Fossa di Bel-
luno) to the east (BOSELLINI ef al. 1981; GEYER 1993; BOSELLINI 1998). The reason for
the Upper Jurassic to Lower Cretaceous separation into a basin-plateau-basin succession
lies in the rifting history of the Piemont-Ligurian Ocean (South Penninic Ocean; MAYER
& APPEL 1999).

Material and methods

This study examines 38 rock samples, 20 polished samples and 16 thin sections. Sam-
ples derive from the lowermost part of the sections Puez/P1 (log P1) and to the west
from Puez/P4 (log P4; Figs 1-3), where the lithological transition from the dolosparite,
the Biancone to Rosso Ammonitico facies crops out (LUKENEDER 2011). Rock samples
were sliced and polished. Thin sections were made in vertical directions. Additionally,
fossil groups including ammonoids, aptychi, belemnoids, bivalves, brachiopods, corals,
echinoids, plant fossils and trace fossils were collected (e.g., LUKENEDER 2012, 2014;
LUKENEDER et al. 2012a, b ; KUSTATSCHER et al. 2013; SCHNEIDER et al. 2013; KROH et
al. 2014).

The sections at the Col de Puez and Pizes de Puez were studied with the focus directed
to the lowermost interval of about 20 m (P1/1-P1/15 and P4/0 m—P4/20 m) that was
studied in detail (Figs 3—4). Samples were collected at intervals of 0.2 to metres for
thin sections. Sample numbers, for example P1/1 or P4/1 m, correspond to the sam-
ple interval at P1 and P4 within the log (for all numbers and figures; e.g., P1 = Puez
log 1). All samples are stored at the Natural History Museum of Vienna, in the collec-
tion of the Department of Geology and Palacontology with inventory numbers from
NHMW 2010/0127/0001-0021, 2010/0260/0001-0065, 2010/0353/0001-0065, and
2014/0397/0001-0007. All the chemical analyses and additional SEM-photographs
(10kV; magnification x200, x600, x2000; working distance WD 12—-18 mm) and
back-scattered micrographs (15kV; x600, x1200, x2300; WD 15—-16 mm) were carried
out in the laboratories of the Department of Mineralogy at the Natural History Museum
Vienna. Data on the dolomite composition and its elements were gained by energy-dis-
persive analysis resulting in energy-dispersive X-ray spectra, performed on the latter
institution. Additional results on biostratigraphy (e.g., ammonoids, foraminifera, dino-
flagellates, calpionellids, nannofossils), gamma ray (GR), magnetic susceptibility (MS)
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Fig. 4. Right: Lower part of the Puez log P1 with beds P1/1-18 (at 0—16 m). Dolosparite (beds
1-10), grey limestones of the Biancone Formation (beds P1/10 — P1/Bi) and the red, nodular
limestones of the overlying Rosso Ammonitico facies with beds P1/Ar—P1/15. Left: A, transition
from Ammonitico Rosso facies with its last bed P1/15 into the Puez Formation starting with bed
P1/17. B, Red nodular beds of the Rosso Ammonitico facies at beds P1/13—15. C, transition from
the Biancone Formation (P1/Bi) into the Rosso Ammonitico Puezzese (P1/Ar), at the transition
layer P1/Bi—Ar). D, underlying dolosparite bed with the starting point of log with bed P1/1. Puez
L. Member = Puez Limestone member, adapted from LUKENEDER (2011).
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and magnetostratigraphy, geochemistry (carbonate content CaCQO;, total organic carbon
TOC, sulphur S), and stable isotopes (bulk rock 6'30, 6'3C, &%Sr) will be published in
details elsewhere (LUKENEDER et al. in press).

The formalised Gardenacia Formation

Validity: invalid status, “dolosparites of the Gardenacia Formation — Formazione
di Gardenacia” by KeimM (2007) on the geological map of the western Dolomites (see
Fig. 2). The latter author has used the term Gardenacia Formation somehow but did not
formalise (no type-log, no GPS data etc.). No logging, detailed stratigraphy or precise
description of a type section are known yet.

Type area: IT 1:50,000, map sheet 55 Cortina d’ Ampezzo, geological map western
Dolomites (Westliche Dolomiten) 1:25,000, sheet east, area north of Wolkenstein in the
Department Trentino-Alte Adige (South Tyrol, Italy). The locality is situated on the Gar-
denacia Plateau in the heart of the natural park Puez-Odle within the UNESCO world
heritage, the Dolomites.

The lower boundary: defined at the type locality at the Col de Puez by an abrupt change
from typical grey limestones of the Triassic “Hauptdolomit” (= Dolomia Principale)
units with its up to 2000 m thick dolomites (Figs 2—4). The transition of the latter facies
types in the lowermost parts of the section is covered by talus debris most of the year.

The upper boundary: sharp transition (e.g., log P1 bed P1/10) to the overlying
whitish to greyish Biancone facies. The dolosparite is approx. 3—5 m thick, extend-
ing from beds P1/1 to the lower part of bed 10 (Fig. 4). The transition of the latter
facies types in the lower parts of the section is covered by talus debris most of the
year. The lowermost transitional parts had to be excavated before investigations were
possible.

Synonyms: Gardenacia formation — Formazione di Gardenacia by Kem (2007).

Lithology: dolosparites, traditionally defined as greenish to whitish, sometimes
grey, middle to coarse granulated, saccharoidal dolomite. The outcrops are generally
exposed on steep walls on the Puez-Gardenacia Plateau near the Pizes de Puez, Col de
Puez, Muntejela, Col dala Sone and and Anderiol (Figs 1-3). Silicium nodules (cherts),
formed by the primary Si-material fom radiolaria skeletons, occur in numerous beds
(e.g., P4/4m). Incomplete dolomitisation occurs hence belemnoids and radiolaria are
preserved entirely or in parts.

Colour: greenish to whitish, sometimes grey (Figs 5-6).

Geochemistry: CaCO; P1 —P1/1 84.3%, P1/6 85.2% and P1/8 with 90.7 % (mean
86.7%); grey scale P1 — P1/1 227, P1/6 225 and P1/8 with 188 (mean 213); grey scale
P4 — P4/0m 216, P4/1m 230, P4/2m 226, P4/3m 210, P4/4m 204 (mean 208); TOC P1:
P1/1 0.81%, P1/6 0.47% and P1/8 with 0.36% (mean 0.55%); S P1 — P1/1 0.267 %,
P1/6 251 % and P1/8 with 0.340 % (mean 0.286 %).
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Fig. 5. Rock samples from the significant lithologies at the base of the Puez sections. A, NHMW
2010/0127/0001, a typical rock samples of the Rosso Ammonitico facies at the log P1 at the
Puez locality. Note the calcareous ammonoid steinkern, a lotoceratid morphotype. B, NHMW
2010/0127/0004, a whitish rock sample of the Biancone Formation (P1/Bi). C, NHMW
2010/0127/0007, a rock sample of the underlying dolosparite (P1/4).

Energy-dispersive X-ray data (EDX): P1/1 — Ca calcium (43.05 wt%), Mg
magnesium (23.69 %), Fe iron (0.27 %), Mn manganese (0.11 %), O oxygen (32.89%).
P1/8 — Ca (43.26 %), Mg (23.44 %), Fe (0.46 %), Mn (0,00 %), O (32.83 %).

The 8"*C values from the dolosparites at logs P1 and P4 show a mean of +2.26 %o and no
explicit trend. 6'3C values from the basal limestones of the Biancone and Rosso Ammo-
nitico, in contact with the dolosparites, are compared to the dolosparite values decreased
with a 8 *C mean of +1.80 %o.

d31BC P1 — P1/1 1.94 %o, P1/6 1.81%0 and P1/8 with 0.99 %o (mean 1.58 %o); 6"°C P4
— P4/0m 2.80 %o, P4/Im 3.19 %o, P4/2m 2.12 %o, P4/3m 2.10 %o, P4/4m 2.38 %o and
P4/4.3m with 2.70 %0 (mean 2.55 %o).

The 8'*0 values from the dolosparites at logs P1 oscillates around a mean of —2.13 %e.
The minimum value is —5.67 %o at bed P1/8 and the highest is —0.63 %0 at P4/2m. 3'*0O
values from the basal limestones of the Biancone and Rosso Ammonitico, in contact
with the dolosparites, are compared to the dolosparite values decreased with a '%0 mean
—0.63 %o. The coefficient of correlation between 6'°C and 8'%0 is R?>= 0.0405, as it is very
low no significant further diagenetic alteration can be inferred from the isotope record.

3""0 P1 —P1/1 —4.39 %o, P1/6 —5.63 %o and P1/8 with —5.67 %0 (mean —5.23 %o).

380 P4 — P4/0m —2.06 %o, P4/1m —4.35 %o, P4/2m —0.63 %o, P4/3m —4.88 %o, P4/4m
—3.08 %0 and P4/4.3m with —2.26 %o (mean —2.88 %o).

The Early Cretaceous (late Valanginian) dolosparite 8’St/*Sr isotope data of the logs P1
and P4 show a 6*’Sr value at P1/1 with 0.707850 %o. This is significantly higher than
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Fig. 6. Polished rock surface images of the Biancone Formation and the dolosparite from the
Puez locality with (Puez log 1). Rock samples are positioned in stratigraphical order as found
in the outcrop (lowermost dolosparites and Biancone). A and B, whitish limestones of the Bian-
cone Formation with P1/Bi (NHMW 2010/0127/0014-15). C and D, whitish to yellowish dolo-
sparites of the Gardenacia Formation with P1/1 (NHMW 2010/0353/0001) and P1/8 (NHMW
2010/0260/0003). Note the bedding and incorporated flaser-like parts, caused by primary litho-
logy resulting in different dolomite crystal size and shape.

oscillating mean values of 6*’Sr 0.707541 %o from late Valanginian to early Cenomanian
marly limestones and limestones from the Puez Formation. The measured NBS 987
standard value during measurements was 0.710256 +/—0.000003 (7 runs).

Geophysics: gamma ray P1 — P1/1 13cps, P1/6 9cps and P1/8 with 6¢ps (mean
9cps); P4 — P4/0m 1lcps, P4/Im 8cps, P4/2m &cps, P4/3m 7cps, P4/4m with 12cps
(mean 9.2¢ps).

Susceptibility P1—-P1/1 15x107,P1/6 18x10°and P1/8 with 25.5%107° (mean 19.5x107°);
susceptibility P4 —P4/0m 6x1076, P4/1m 13x10°and P4/2m 13cps, P4/3m 7x10°6, P4/4m
with 21x10°%(mean 14.9x10°°).

Bed thickness: 3—10 cm.
Bed surfaces: straight, sharp to wavy (less).
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Fig. 7. Thin sections of the dolosparites of the Gardenacia Formation from the Col de Puez local-
ities. A lowermost part of the dolosparite facies from P1/8 (NHMW 2010/0353/0002), note the
flaser like bedding caused by fabric and crystal size changes within one layer, coarse top with
euhedral crystals and below fine, anhedral mosaic with xenotopic structure. B, detail of the coarse
dolosparite (euhedral to subhedral crystals) parts within bed P1/8 (NHMW 2010/0353/0002 a).
C, enlarged detail of B, note the characteristic zonation of euhedral to subhedral crystals (mostly
rhombs) with dark core and clear rim.

Origin, facies: secondary dolomitisation of the Biancone Formation (Figs 5-6),
primary a pelagic-hemipelagic facies of water depths from approx. 100 m down to
500 m (LUKENEDER 2011).
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Macrofossils preserved: belemnoids, bivalves, crinoids.

Chronostratigraphic age: primary formation of the original sediments during
the late Valanginian — early Hauterivian (GRADSTEIN et al. 2004; OGG et al. 2008).

Biostratigraphy: in accordance with microfacies and microfossils late Valanginian/
early Hauterivian (pers. comm. Daniela REHAKOVA), possible range of late Valangin-
ian Saynoceras verrucosum to early Hauterivian Lyticoceras nodosoplicatum zones (see
REBOULET et al. 2009, 2014).

Thickness of formation: approx. 5-10 m at the sections on the Gardenacia Pla-
teau and at the southern flank of the Col de Puez and Pizes de Puez (Fig. 4).

Lithostratigraphically higher rank: Trento Plateau within Dolomites (South-
ern Alps).

Lateral units: not known.

Geographic distribution: Gardenacia Plateau and area around the Col de Puez
and Pizes de Puez (KEiM 2007), but only preserved at relict areas due to erosive processes.

Complementary references: HOERNES (1876), HauG (1887, 1889), UHLIG
(1887) RODIGHIERO (1919) BACCELLE & LuUCCHI-GARAVELLO (1967a, b), COSTAMOLING
& COSTAMOLING (1994). The geology of the Dolomite Mountains and adjacent areas has
been described and summarised in detail by HEISSEL (1982), Pozzi (1993), and GEYER
(1993).

Remarks: for a discussion on ammonoids, bivalves, corals, echinoids, fossil trees
and ecology from the Puez area, see LUKENEDER & ASPMAIR (2006), LUKENEDER (2008,
2010), LUKENEDER et al. (2012a, b), KUSTATSCHER ef al. (2013), LUKENEDER & GRUNERT
(2013), SCHNEIDER et al. (2013), KrROH ef al. (2014), and LUKENEDER et al. (in press).

Discussion

The Dolosparites from Puez

The main aim of the presented study is to formalise and describe in details the little
known dolosparite succession at the base of the Lower Cretaceous Puez sections in the
Dolomites (South Tyrol, Southern Alps, North Italy).

The formation of the mineral dolomite and the dolostones are often enigmatic and under
serious debate since numerous models exist (see ARVIDSON & MACKENZIE 1999; summa-
rised in MACHEL 2003, 2004; AL-AwADI ef al. 2009; McKENZIE & VASCONCELOS 2009,
MEISTER et al. 2013) with the task to clarify the complicated mode of its/their formation.
In most cases dolomites (= dolostones) were formed under the influence of multiple and
varying geochemical and hydrologic conditions (MACHEL 2003), which influence the
morphology of crystals and rocks. In accordance with FLUGEL (1978) dolomitisation is a
constructive diagenetic process with new carbonate formation. During that allochemical
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process a change in chemical compositon of the sediment takes place. An early diage-
netic (soft sediment) and late diagenetic (consolidated sediment) dolomitisation cycle
can occur (see RICHTER 1986).

Three main mechanisms can be observed while dolomites are formed: 1) Replacement
of CaCO; by CaMg[COs], and/or 2) cementation by dolomite precipitated from Mg?**
rich porewaters (magnesium-enriched hydrothermal solutions in MCKENZIE & VASCON-
CELOS 2009). 3) Additionally dolomite can be directly precipitated from fluids forming
sedimentary deposits. The main amount of dolomites was formed secondarily by trans-
formation of primary limestones into dolostones, evident by the relicts of primary sed-
iment structures (e.g., ripple marks, striae, bedding, lamination) or fossils (e.g., micro-
fossils, macrofossils, trace fossils). In the latter cases the expulsion was not completed or
material and matrix dependent (i.e., calcite vs. aragonite, clay vs. marls vs. limestones,
carbonate minerals vs. iron minerals etc.). Preserved sedimentologic relicts in dolomites
can also be formed by periodic precipitation of dolomite from the water column, result-
ing in such structures (e.g., MEISTER ef al. 2011).

Two genetic main groups of dolostones (MACHEL 2003) can be distinguished with
synsedimentary dolomites (= penecontemporaneous dolomites in Bunpp 1997) and post-
sedimentary dolomites (= postdepositional dolomites in Bubb 1997; see BUDD et al.
2006). As suggested by IANNACE & FRrisia (1994) a major transition from penecontem-
poraneous to burial dolomitisation at the Triassic-Jurassic

Boundary can be observed. The observation of the dolomitised Biancone at the Puez
localities fits into this scheme. Almost all known dolostones are formed by postsedimen-
tary and long-lasting, advective porewaters. Sometimes terms as “sekundar” (= second-
ary) or “spétdiagentisch” (= late diagenetic) have been used (see DEFFEYES ef al. 1965;
ZENGER et al. 1980), what is not completely identical and synonym with postsedimen-
tary (see MACHEL 2003). Chemical processes and thermodynamic conditions important
for the formation of dolomite, in fact a metastabile carbonate (AL-AWADI et al. 2009),
and dolostones are summarised in MACHEL (2003, 2004).

As noted by TUCKER & WRIGHT (1990) there are numerous unsolved issues in the knowl-
edge concerning the dolomitisation in the geological record (see Frisia & WENK 1993;
Frisia 1994) and various models exist on the formation of primary and/or secondary car-
bonatic dolomite (= dolostones). A primary precipitation mechanism is opposing a pos-
sible secondary replacement process (see WENK et al. 1993; MCKENZIE & VASCONCELOS
2009; MEISTER et al. 2013). The terms “primary/secondary” should not be confused with
“early/late” and have to be used with caution. Even a late diagenetic dolomite can be pri-
mary if precipitated directly from the porefluid, or a very early (penecontemporaneous)
dolomite can be secondary if replacing a precursor phase (pers. comm Patrick MEISTER
2014).

The dolosparites from the Puez-Gardenacia Plateau (Figs 5, 6—7) are mentioned and clas-
sified as Gardenacia Formation (= Formazione di Gardenacia) on the geological map
of the western Dolomites (KEiM 2007), but not correctly formalised. The dolosparites
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from the plateau were described by Kemm (2007) as “greenish, grey, middle to coarse
granulated dolosparites, overlaying the Triassic Hauptdolomit discordantly and lentic-
ular. Sometimes graded grainstones with glauconitic pellets. At the base often thin brec-
cias formed by sharp-edged dolomite clasts. Locally, e.g. western Gardenacia saddle (=
Gardenacia Joch), intercalations of crinoidal limestones of the Fanes Encrinit. The Gar-
denacia Formation encompasses thicknesses from 0 to 7 meters.” The stratigraphical
age given by KEM (2007) with Early Jurassic (?Pliensbachian) to Late Jurassic (?Mal-
mian = Oxfordian—Tithonian) has to be considered with caution, since there is no clear
biostratigraphic evidence. Due to new microfossil findings the age of the primary forma-
tion of the original sediments is late Valanginian/early Hauterivian. In accordance with
microfacies and microfossils late Valanginian/early Hauterivian (pers. comm. Daniela
REHAKOVA), the possible range is late Valanginian Saynoceras verrucosum to early
Hauterivian Lyticoceras nodosoplicatum zones (see REBOULET et al. 2009, 2014).

At Puez the Triassic “Hauptdolomit” (= Dolomia Principale; see FRISIA & WENK 1993;
Frisia 1994) is overlain by Lower Cretaceous strongly dolomitised (with granulated
structure, whitish to yellow), from most probably dolomitised former Biancone or Rosso
Ammonitico Puezzese beds (see GEYER 1993; Figs 5—6). Primary lithological structures
(e.g., bedding, gradation) and fossils content (e.g., ammonoids, belemnoids, microfos-
sils, nannofossils, trace fossils) are mostly destroyed by the recrystallisation during
dolomitisation. In numerous areas of the Southern Alps a uniform dolomitisation from
Triassic to Jurassic limestones can be observed (GEYER 1993). A late diagenetic, initial
to partial dolomitisation, replaced the primary components but structures and rare fossil
remnants are preserved as observable in the Puez dolosparites. This type of dolomitised
sediments was termed, in the Umbria-Marche region, as Maiolica with saccharoidal
structure (CECCA et al. 1995). Such dolomitised limestones often characterize the low-
ermost parts of the Maiolica Formation deposited on the Jurassic pelagic carbonate plat-
forms (PCP). Their thickness varies from 40-80 m on PCPs up to 450 m in basin areas
(CEcca et al. 1995).

Flaser like (= flaserig) structures (Figs 6—7), caused by residual dissolution remnants
(e.g., organic material and clays) which are observed in the Biancone and Rosso Ammo-
nitico Puezzese limestones are still observable in the dolomitised dolosparites from
Puez. Late diagenetic dolomitisation replaces aragonitic and calcitic components due
to the reworking processes caused Mg-rich interstitial fluids in the already consoli-
dated sediments (Vinx 2008). During this process carbonates like calcite or aragonite
(Ca[CO;]) are replaced by dolomite (CaMg[CO;],) (see properties of mineral in CHRIS-
TIE et al. 2001), subsequently an increase in crystal size but a decrease in sediment
volume of approx. 10% can be detected causing secondary porosity after late diagenetic
dolomitisation (VINX 2008). CaCO; values of the dolosparites from Puez range from
84.3% (P1/1) up to 90.7 % (P1/8) (mean 86.7 %), what is in accordance to VINX (2008)
classified as marly dolomites. Energy-dispersive X-ray data (EDX) of dolosparite layers
appear at P1/1 with Ca 43.05% and increased values Mg 23.69 %, contrasting typical
values of the Biancone limestones at P1/Bi with 69.80% and Mg 0.47 %.
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Fig. 8. SEM rock surface images of the Biancone Formation (E, F) and the dolosparites (A-D)
from the Puez locality with Puez log 1. A and B, rock surface with densely packed euhedral dolo-
mite crystals from P1/6 (NHMW 2010/0260/0002 a). C and D, rock surface with densely packed
euhedral dolomite crystals from P1/8 (NHMW 2010/0353/0002 b). E and F, rock surface with
densely packed nannoconid plates and entirely preserved specimens from P1/Bi (note central canal
in horizontal- and longitudinal-sections; NHMW 2010/0127/0014 a). All scale bars equal 10 pm.

Within the textural classification in dolomites the crystal size distribution is classified in
unimodal and polymodal whereas crystal morphology is grouped in euhedral (planar-e),
subhedral (planar-s) and non-planar-a (anhedral). As shown by FLUGEL (2004) the fabric
in dolomite rocks varies from one end-member with limestones with scattered dolomite
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Fig. 9. SEM rock surface images of the Biancone Formation (E, F) and the dolosparites (A-D)
from the Puez locality with Puez log 4. A and B, rock surface with densely packed euhedral dolo-
mite crystals from P4/0m (NHMW 2014/0397/0001 a). C and D, rock surface with densely packed
and perfect idiomorphic (euhedral) dolomite crystals from P4/4.3m (NHMW 2014/0397/0002 a).
E and F, rock surface with densely packed nannoconid plates and entirely preserved Nannoconus
steinmannii steinmannii specimens from P4/5m™ (note central canal in horizontal- and longitudi-
nal-sections; 2014/0397/0003 a). All scale bars equal 10 pm.

rhombs to the other end-member with sucrosic mosaic dolomites (Fig. 6). As noted with
caution by MACHEL (2003) planar crystals seem to be formed at temperatures lower than
50°C, the so called critical-roughening-temperature.
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Fig. 10. Thin sections of the dolosparites of the Gardenacia Formation from the Col de Puez
localities. Note for all sections of the dolosparites pyrite is dispersed in the matrix (black grains).
On the left side (A, C, E, F) under normal light and on the right side (B, D, F, H) the correspond-
ing image under crossed Nichols. A and B, lowermost bed of the dolosparite facies with P1/1
(NHMW 2014/0397/0004 a), note the flaser like bedding caused by the various crystal size and
the preserved belemnoid. C and D, detail of a transition from fine (anhedral crystals) to coarse
(euhedral to subhedral crystals) dolosparite parts within bed P1/8 (NHMW 2010/0353/0002 a). E
and F, lowermost dolosparite bed P4/0m (2014/0397/0001 b), note the characteristic zonation of
euhedral to subhedral crystals (mostly rhombs) with dark core and clear rim. G and H, radiolaria
dolosparite of P4/4m (NHMW 2014/0397/0005 a), note the white area (black with crossed Nich-
ols) in the middle which is enriched in Si (chert nodule), radiolaria (spheres) are still preserved,
the limestone is not fully recrystallised.
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Fig. 11. Thin sections of the dolosparites with its preserved macro- and micro-fossils. Note for
all sections of the dolosparites, left (A, C, E normal light) and right (B, D, F) the corresponding
image under crossed Nichols. A and B, preserved belemnoid rostrum in the lowermost dolospar-
ite bed P1/1 (NHMW 2014/0397/0004 a), note the radial and fibrous calcite of the rostrum. The
rostrum is only recrystallised in its outer parts, partly by dolomite and secondary calcite. C and
D, mould of a dissolved bivalve, filled by coarse, sparry calcite in fine dolosparite mass P1/6
(NHMW 2014/0397/0006 a). E and F, detail of the light grey chert nodule (black with crossed
Nichols) to dolosparite boundary in bed P4/4m (NHMW 2014/0397/0005 a). Masses of radio-
laria skeletons (white spheres), sponge spicules (white cross) and rare bivalve shells (white bow)
are visible. Note the nesting of dolomite crystals and single rhombs floating in cherty limestone
matrix.
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The observed fabrics of the Puez dolosparites vary from bed to bed (see Fig. 7). In
accordance to TUCKER & WRIGHT (1990) and FLUGEL (2004) the fabric appears with
anhedral (nonplanar), mostly with subhedral (planar-s) to euhedral (planar-e) dolomite
crystals with straight edges (see GREGG & SIBLEY 1984; SIBLEY & GREGG 1987). Crys-
tals are rhombohedral (Figs 7, 8, 9), compromise boundaries and many crystal-face junc-
tions, and varying from bed to bed and within single beds from idiotopic to hypidiotopic
mosaics (Figs 7-12).

The geochemistry with stable isotopes (i.e., bulk rock 680, 8'*C, 6*’Sr) of the dolospar-
ites from Puez was analysed and compared to data given by MACHEL (2003). Measure-
ments could only be made on bulk rock samples, in contrast to MACHEL (2003) who dis-
cussed isotope analyses performed on single dolomite crystals, which result in different
data. The lowered §'*O values from the dolosparites at logs P1 and P4 with a minimum
value of —5.67 %o are typical for coarse crystalline, secondary dolomites (see Type 11
dolomites in EREN ef al. 2007; PRETO et al. 2014). According to EREN et al. (2007) such
low 6'%0 values hint to burial recrystallisation.

The zonation of the dolomite rhombs is often dull with cloudy cores and lighter and clear
rims (Figs 7, 10, 12), lighter zones suggest the presence of elements with higher atomic
numbers compared to the dull core (TUCKER & WRIGHT 1990).

Burial dolomitisation was described by TUCKER & WRIGHT (1990) as a model influenced
by dewatering of basinal mudrocks and the expulsion of Mg?"rich fluids into adjacent
shelf-edge and platform carbonates. The magnesium enriched fluids derive from pore-
water and clay mineral changes caused by burial and increasing temperatures. Intersti-
tial fluids may have moved upwards (see MAGARA 1978, MACHEL 2003) from Mg-rich
Hauptdolomit into the Biancone and Rosso Ammonitico Puezzese sediments and trans-
formed the lowermost part (i.e., approx. 10 m) into secondary dolosparite.

Most dolomites are formed by a secondary replacement of meta-stable carbonates (e.g.,
aragonite, high-Mg calcite) positively influenced by the participation of sea water pro-
moted by its high concentration of magnesium ions (CHRISTIE et al. 2001; MCKENZIE &
VASCONCELOS 2009). The calcium in the carbonates is subsequently replaced by mag-
nesium. Especially for the massive, up to 1,000 m thick, Triassic Hauptdolomit in the
Dolomite Mountains (S. Alps, N. Italy) possible microbial processes (microbial biomin-
eralisation) mediating the formation of such enormous amounts of primary dolomite was
discussed (MCKENZIE & VASCONCELOS 2009).

If dolomitisation, as observed on the Puez-Gardenacia Plateau, occurs only at the top of
an extensive dolomite section (i.e., primary, shallow marine deposits; see MCKENZIE &
VASCONCELOS 2009) it points to a dolomite occurring after the pelagic sediments capped
these deposits (pers. comm. Darryl GREEN 2014). A pervasive dolomite after deposition
of the pelagic sediment and burial dolomite seems likely. Essentially a halo or extension
of the large amounts of fluids moving through the area, if the section capping was 200 m
thick only the basal few meters would be dolomite as the permeability does not allow it
to extend too far (pers. comm. Darryl GREEN 2014), as observed at the Puez sections. For
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Fig. 12. Back-scattered electron micrographs of the dolosparites, Biancone- and Rosso Ammonit-
ico facies from Puez (polished surfaces; 15kV; WD 15-16 mm). A, surface with densely packed
euhedral dolomite crystals from P1/1 (NHMW 2010/0353/0001 b); note the clear zonation in
dolomite rhombs and their porosity. B, polished surface with numerous anhedral multicrystalline
dolomite aggregates and few interspaced euhedral to subhedral crystals within bed P1/8 (NHMW
2010/0353/0002 c). Note the porosity between crystals filled with altered clay minerals in A
and B. C, almost pure and densely packed nannoconid limestone P1/Bi (biomicritic limestone;
NHMW 2010/0127/0014 b). D, spotty, fossiliferous limestone with abundant grains of quartz,
feldspar and muscovite in a siliciclastic admixture accompanied by abundant microfossils P1/15
(biomicritic limestone; NHMW 2010/0127/0009 a). Numbers and white stars mark sample points
for the energy-dispersive analysis. All scale bars equal 10 pm.

the mechanisms which are ment to cause dolomitisation of the massive Triassic dolomite
rocks of which the Dolomite Mountains (S.Tyrol, N.Italy) mainly exists, see MCKENZIE
& VASCONCELOS (2009).

CaCO:s allochems (e.g., calcitic fossils) are partly replaced by dolomite crystals, depend-
ent on size of grain. CaCO; cement is replaced by dolomite rhombs, only pores are
filled with altered clay minerals (Figs 11-12). Fabric-selective dolomitisation, distincly
zoned euhedral dolomite crystals occur within the fine grained matrix and at the periph-
ery of the belemnoid rostrum with its radial structures (bed P1/1; Figs 10-11). Matrix
dolomitisation by unimodal and euhedral planar crystals, termed as medium-crystalline
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bioclastic dolomite (cf. FLUGEL 2004, p. 334, pl. 40; see ADAMS et al. 1986). Numerous
and different forms of radiolaria are preserved in the partly dolomitised samples of bed
P4/4 (Figs 10—-11), once more documenting the secondary transformation from Biancone
sediments into dolosparite from the Puez sections. A late diagentic transformation into
dolosparites is indicated by the fabric, fossil and microfacial data, in contrast to former
interpretations suggesting primary dolomites formed in shallow water environments.

Matrix- or fabric-selective dolomitisation was reported from deep-burial dolomites (=
“Versenkungsdolomit”; MACHEL 2003.) As noted by MACHEL (2003) all models con-
cerning burial dolomitisation are in fact hydrogelogic models (MORROW 1998). The
fluidal activities are though triggered by compaction, topography, thermic or tectonic
mechanisms. Incomplete dolomititsation occurs and subsequently larger and geochemi-
cal more stable elements (e.g., belemnoids, radiolaria) are preserved entirely or in parts.
Silicium nodules (e.g., P4/4m), formed by the primary Si-material fom radiolaria skele-
tons, are not affected or recrystallised and protect the incorporated biogene components
(e.g., masses of radiolaria) from dolomitisation (Figs 10—11). If dolomitisation proceeds
radiolaria were also dolomitised, but molds and vugs show different colours and crystal
site compared to the recrystallised matrix.

This succession is very similar to the La Stua (= Ra Stua; 1,739 m; E 011°49'15", N
46°35'30") section, 20 km to the east of the Puez section, near Cortina d’Ampezzo,
which also shows Rosso Ammonitico, Biancone, and Puez Formation, grey marls and
Aptian marls (CitA & RossI 1959; BACCELLE & LUCCHI-GARAVELLO 1967b; ZEISS et
al. 1990; STOHR 1993, 1994; LUKENEDER 2010). Interestingly, no dolomitisation can be
observed at the transition from dolomites to Biancone and Rosso Ammonitico forma-
tions at La Stua.

Conclusions

A new formation, the Gardenacia Formation (approx. 10 m) is established. At the lower
part of the sections at Col de Puez and the Pizes de Puez located on the Puez-Gardena-
cia Plateau (Dolomites, S.Tyrol, N.Italy), a transition from white to yellow, granulated
dolosparites into white limestones and red, nodular limestones occurs. The final depo-
sition of the original Lower Cretaceous sediments from the Puez section took place on
the northernmost area of a submarine plateau, the approximately north-south directed
Trento Plateau.

Micropalaeontological analyses show a possible late Valanginian to early Hauteriv-
ian age for the primary sediments of this transitional interval on the Puez-Gardenacia
Plateau. The greenish to whitish, sometimes grey dolosparites with its middle to coarse
granulated, saccharoidal fabric (= sugar-like, crystalline structure in MCKENZIE & VAS-
CONCELOS 2009) are overlain by the grey to whitish limestones of the Biancone For-
mation and subsequently overlain by a more energetic red, nodular limestone facies
of the Rosso Ammonitico Puezzese. The successions reflect a early to late diagenetic
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transformation from primary fine, calcareous sediments into recrystallised, secondary
dolosparites of the herein formalised Gardenacia Formation. Numerous and different
forms of fossils as macrofossils (e.g., belemnoids, bivalves) and microfossils (e.g., radi-
olaria) are still preserved in partly dolomitised layers intercalated in entirely dolomitised
beds. Such significant fossil relicts are documenting the secondary transformation from
fine, calcareous Biancone type sediments accumulated in the deep water (hemipelagic
to pelagic), into secondary dolosparites from the Puez sections. A late diagentic trans-
formation into dolosparites is clearly confirmed by the fabric, fossil and microfacial
data, contrasting former interpretations as dolomites being primary formed, indicating
shallow water environments.
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