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Geochemical signatures and carbonatemicrofacies highlight contrasts between two distinctive mid–late Triassic
reef communities in the Dolomite Alps, Italy. In the first community, sponges, bryozoans, calcified cyanobacteria
and problematic organisms (Archaeolithoporella, Shamovella), together with a variety of micritic fabrics, formed
compact reefs in high energy shallow-water at the margins of high-rise Ladinian–Carnian carbonate platforms.
Debris from these margins created steep foreslopes, and some large blocks of the allochthonous material
(Wengen–Cassian formations, Cipit Boulders)were buried in basinal shales that protected them fromsubsequent
alteration and regional dolomitization. In the second and slightly younger community, small Carnian patch reefs
(Heiligkreuz Formation, Alpe di Specie) developed in quieter shallow water, where they too were protected
against alteration by enclosing shales. They were constructed mainly by scleractinian corals, sponges and red
algae, and contain relatively large framework cavities with clotted-peloidal micrite. These early examples of
coralgal reefs have broad similarities to present-day examples, whereas the community represented by the
Cipit Boulders has more in common with Late Permian reefs.
Both bioconstructions preserve primarymicrofabrics and biomarkers. The Cipit Boulder samples contain bacteri-
al, mainly cyanobacterial biomarkers, lack specific molecules typical of sulfate-reducing bacteria (SRB), and have
Rare Earth Element (REE) values indicative of oxic conditions. These signatures are consistent with their original
high-energy platform margin location, compact structure, and presence of calcified cyanobacteria such
as Cladogirvanella and Girvanella. In contrast, the coralgal patch reefs contain SRB biomarkers, lack specific mol-
ecules typical of cyanobacteria, and have REE values indicative of sub-oxic conditions. These signatures are con-
sistent with their lower energy depositional conditions and well-developed skeletal framework that created
protected low-oxygenmicro-habitats. The SRB biomarkers can be linked to the associated clotted-peloidal fabrics
which resemble those commonly present in younger coral-reef frameworks. These details of redox conditions
and bacterial processes underscore the important biotic, structural and environmental changes that affected
shallow marine reefs during the Triassic.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The late Permian to mid–late Triassic was an interval of profound
change in reef development (Flügel and Stanley, 1984; Stanley, 1988;
Flügel, 2002). Within a period of ~25 Ma, Permian-type reefs, dominat-
ed by sponges, bryozoans, calcified crusts and microbes, were replaced
by more modern-looking reefs with scleractinian corals and calcareous
red algae (Zankl, 1969; Stanley, 2003, 2006). The mid–late Triassic
phase of this development is preserved in northern Italy where the
Dolomite Mountains contain outstanding examples of reefal carbonates
(Richthofen, 1860; Mojsisovics Von Mojvar, 1879; Ogilvie, 1893;
ical.it (A. Mastandrea),
masi),
Riding).

ghts reserved.
Salomon, 1895; Hummel, 1928; Pia, 1937; Leonardi, 1955, 1968;
Bosellini and Rossi, 1974; Wendt, 1974; Fürsich and Wendt, 1977;
Gaetani et al., 1981; Wendt, 1982; Bosellini, 1984; Hardie et al., 1986;
Rudolph et al., 1989; Russo et al., 1991, 1997; Mastandrea et al., 1997;
Gianolla, 1998; Kenter, 1990; Russo, 2005; Schlager and Keim, 2009;
Stefani et al., 2010). These include remarkable Ladinian–Carnian
high-rise platforms that prograded basinward over their marginal
reef talus (Bosellini, 1984). Although many of these limestones
were subsequently dolomitized, fragments thought to represent
the platform margin reefs are locally exceptionally well-preserved
(Wendt, 1974, 1975; Scherer, 1977; Russo et al., 1997) as meter-
scale allochthonous blocks. The lithology and biota of these ‘Cipit
Boulders’ contrast with those of younger small patch-reefs that are
well-preserved in the late Julian Substage (Early Carnian) at the
base of the Heiligkreuz/Dürrenstein Formation. These are dominated
by a biota of calcified demosponges, scleractinian corals and calcified
red algae that anticipates the ‘modernization’ of reef-building

http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2014.01.029&domain=pdf
http://dx.doi.org/10.1016/j.palaeo.2014.01.029
mailto:ftosti@utk.edu
mailto:a.mast@unical.it
mailto:aguido@unical.it
mailto:fabio.demasi@unical.it
mailto:francorusso44@gmail.com
mailto:rriding@utk.edu
http://dx.doi.org/10.1016/j.palaeo.2014.01.029
http://www.sciencedirect.com/science/journal/00310182


53F. Tosti et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 399 (2014) 52–66
communities on a global scale between the Late Carnian and the Norian–
Rhaetian (Fürsich and Wendt, 1977; Wendt, 1982; Russo et al., 1991;
Flügel, 2002).

Very few studies have examined both Rare Earth Element (REE) and
biomarker data in Phanerozoic reefs. We combined these approaches,
together with carbonate microfacies analysis, to elucidate the deposi-
tional conditions and biogeochemistry of reef limestones during
this period of mid–late Triassic transition. We compared samples of
microbial-sponge reef limestones preserved in Cipit Boulders at Punta
Grohmann (near Campitello di Fassa) that were derived from the last
episode of widespread high rise platform development (Cassian
Dolomite, ~225–229 Ma) in the area, with younger coral patch reefs in
theHeiligkreuz Formation (~222Ma) 40 km to the ENE at Alpe di Specie
(Fürsich and Wendt, 1977; Russo et al., 1991, 1997; Russo, 2005)
(Figs. 1, 2). We examined the organic matter preserved in these lime-
stones, analyzed it for biomarkers, and analyzed REE values in the
samples. We found evidence that the platform margin samples (Punta
Grohmann) formed under oxic conditions and contain biomarkers for
cyanobacteria, whereas the younger Alpe di Specie coral patch reefs
formed under sub-oxic conditions and contain biomarkers for sulfate
reducing bacteria.
Fig. 2. Simplified stratigraphic scheme showing the mid-Triassic deposits sampled
(dashed outlines). The contact between the Heiligkreutz/Dürrenstein Fm. and the Cassian
Dolomite is thought to be erosional (Brandner et al., 2007).
Modified from Preto and Hinnov, 2003; Keim et al., 2006.
2. Localities and samples

In the Dolomites, Ladinian–Carnian platforms prograded
basinward over their marginal reef talus (Bosellini, 1984), and
most of the Cipit Boulders are thought to be derived from their
upper slopes or margins (Richthofen, 1860; Mojsisovics Von
Mojvar, 1879; Leonardi, 1968; Wendt and Fürsich, 1980; Biddle,
1981; Russo et al., 1997; Gianolla et al., 1998; Gianolla and Neri,
2007). Accommodation space was significantly reduced during the
Julian Substage and patch reefs developed at Alpe di Specie in the
Heiligkreuz/Dürrenstein Formation (Russo et al., 1991; Keim et al.,
2001; Stefani et al., 2004).
Fig. 1.Mid-Triassic carbonate platforms in the Dolomites and locatio
Based on Brandner et al., 2007.
2.1. Punta Grohmann

This Ladinan–Carnian basinal succession (Wengen and Cassian for-
mations) is well-exposed on a steep shaly erosion scar (Teres Neigres)
ns of the Punta Grohmann and Alpe di Specie sample localities.



Fig. 3. a) Punta Grohmann locality viewed from the south-east. Punta Grohmann is the high peak in the center, which consists of clinoforms of Cassian Dolomite and marks the southern
end of the Sassolungomountain group. The shield-shaped gray erosion scar (Teres Neigres) below Punta Grohmann exposes the underlying basinal San Cassian Fm. of dominantly shale-
mudstones with horizons of allochthonous margin-derived limestone blocks (‘Cipit Boulders’) from which our ‘Punta Grohmann’ samples were collected. Elevation of the gray exposure
from base to top is ~250 m; and the top of the gray exposure to the top of Punta Grohmann is a further ~500 m; b) An 8 m thick megabreccia horizon of ‘Cipit Boulders’ within the San
Cassian Formation about halfway up the gray erosion scar (Fig. 3a) and on its left-hand (SW) side; c). Detail of a Cipit Boulder in the lower part of the San Cassian Fm. (near the bottom of
the view in Fig. 3a) showing the calcified cyanobacterium Cladogirvanella (outlined) in reef limestone; width of view 8 cm.
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(Fig. 3a) immediately below Punta Grohmann peak, at the southern
edge of the Sassolungo/Langkofel group, 30 km east of Bolzano
(Fig. 1). The Wengen Fm/Cassian Fm. succession is ~550 m thick and
consists mainly of basinal terrigenous and volcanoclastic sediments
with gravity displaced carbonates (Fig. 3b, c). Pillow lavas andheteroge-
neous breccias of the Fernazza Fm. are erosionally overlain by the 320m
thick Wengen which has volcaniclastic conglomerates at its base
followed by volcaniclastic turbiditic sandstones and dark pelites. The
~50 m thick middle part of the Wengen contains horizons rich in
platform-derived blocks of reef limestone (Richthofen Von, 1860;
Ogilvie Gordon, 1927, 1929; Leonardi, 1968; Scudeler Baccelle, 1971;
Assereto et al., 1977; Wendt and Fürsich, 1980; Bosellini, 1984; Russo
et al., 1997; Giannolla et al., 1998, 2010; Giannolla and Neri, 2007;
Mietto et al. 2012, Fig. 6). These were named Kalkstein von Cipit by
Richthofen Von (1860), after the Rio Cipit/Tschapit Bach locality in the
Alpe di Siusi area, 10 kmwest of Punta Grohmann. TheWengen–Cassian
contact has been variously defined. Here we follow Russo et al. (1997,
Fig. 2). In this view, the Wengen Fm. is overlain by the 220 m Cassian
Fm. which shows a general coarsening upward trend and contains
brown and yellowish marls. Platform-derived centimetric to metric size
Cipit Boulders are especially abundant near the base of the overlying
Cassian Dolomite carbonate platform.We sampled twenty Cipit Boulders
of various sizes: ten from three horizons (U1, U2, U3) in the upper
Wengen Fm., and ten from two layers (U4, U5) in the Cassian Fm. (Fig. 2).

2.2. Alpe di Specie

The rich and excellently preserved Carnian reef fauna at Alpe di
Specie, 12.5 km NNE of Cortina D'Ampezzo, has attracted numerous
studies (Loretz, 1875; Ogilvie, 1893; Pia, 1937; Dieci et al., 1970;
Fürsich and Wendt, 1977; Russo et al., 1991; Neuweiler and Reitner,
1995; Sánchez-Beristain et al., 2011) although interpretation of these de-
posits is hindered by poor exposure. They have generally been regarded
as small patch reefs that are either in situ (Ogilvie, 1893) or out of place
(Fürsich and Wendt, 1977; Wendt, 1982; Russo et al., 1991). They have
also been regarded as ‘Cipit Boulders’within the Cassian Fm., and there-
fore as downslope displacements from the Cassian Platform (Neuweiler
and Reitner, 1995; Sánchez-Beristain et al., 2011). However, although
probably somewhat displaced, most studies have regarded them as less
far-traveled than Cipit Boulders. Wendt (1982) thought they were
displaced from the uppermost Cassian Fm., whereas Russo et al. (1991)
considered them to have moved within the lowest 8 m (Member A) of
the overlying Dürrenstein/Heiligkreuz Formation. Meter-scale patch
reefs (Fig. 2) elsewhere at this level (also termed the Borca Member,
Stefani et al., 2004, p. 44) have been regarded as more-or-less in situ
(e.g., Preto andHinnov, 2003; Neri et al., 2007). Nonetheless, in common
with Cipit Boulders, the Alpe di Specie mounds/erratics have been
protected from alteration and regional dolomitization by the surrounding
shaly sediments (Scherer, 1977; Wendt, 1977,1982; Russo et. al., 1991).

Dürrenstein/Heiligkreuz deposition marked a change from the
prograding and at times high-rise rimmed carbonate platforms of the
late Ladinian–early Carnian (Bosellini, 1984; De Zanche et al., 1993) to
carbonate ramp (Preto and Hinnov, 2003) and restricted, locally anoxic,
basin (Keim et al., 2006) conditions. This mixed terrigenous-carbonate
succession onlaps the Cassian platform slope and unconformably over-
lies the platform top (Preto and Hinnov, 2003, Fig. 2), reflecting a com-
plex series of events, possibly in part climate-driven (Bosellini, 1984;
Hardie et al., 1986; Stefani et al., 2010). Ten samples from five different
patch reefs were collected from Member A of the Heiligkreuz/
Dürrestein Fm. (Fig. 2). The Cassian to basal Dürrenstein/Heiligkreuz
contact is within the Austriacum ammonoid biozone (Gianolla et al.,
1998; De Zanche et al., 2000) and Member A is close to the overlying
Juvalian–Tuvalian boundary (Car3) (Stefani et al., 2004).

3. Methods

We examined a total of 30 rock samples, 20 from Punta Grohmann
and 10 from Alpe di Specie. After initial screening by optical microscopy
and UV epifluorescence to determine the best-preserved samples suit-
able for further analyses, we selected 12 samples that were individually
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crushed and homogenized prior to analyses for Total Organic Carbon
content, presence of major functional groups, biomarkers and Rare
Earth Element (REE) concentrations.

3.1. Optical microscopy: petrography and epifluorescence

Micro- and nano-morphologic examination and localization of
organic compounds was performed by optical and UV epifluorescence
microscopy on polished thin-sections (3 × 2.5 cm in size, ~35 μm
thick). Fluorescence was induced by an Hg vapor lamp linked to an
Axioplan II microscope (Zeiss) equipped with wide bandpass filters
(BP 436/10 nm/LP 470 nm for green light; BP 450–490 nm/LP 520 nm
for yellow light).

3.2. Total Organic Carbon (TOC)

Samples were thoroughly washed in distilled water, and the outer-
most portions removed and discarded. The samples were ground in an
agate mortar to a fine powder. TOC data were obtained with a UIC
CM135 TC/TOC Analyzer at the Department of Earth and Planetary
Sciences, University of Tennessee, Knoxville. Using porcelain “boats”,
part of the powder (~15 mg) of each sample was placed in a high tem-
perature (950 °C) furnace with an oxygenated atmosphere. The Total
Carbon (TC) was rapidly oxidized to CO2 and any reaction products
(sulfur oxides, halides, water, nitrous oxides, etc.) were removed by
the post-combustion scrubbers. The resulting carbon dioxide was then
swept into a UIC CM5015 CO2 Coulometer where its concentration
was automatically measured using absolute coulometric titration. In
order to evaluate Total Inorganic Carbon (TIC) the powder samples
were acidified and purged of carbonate carbon, the released CO2 was
swept into the colorimeter cell to measure its concentration. The TOC
was calculated by: TOC = TC − TIC.

3.3. Extract preparation for organic analyses

Following Logan and Eglinton (1994), with minor modifications
by Guido et al. (2012a), extraction was carried out on 100 g of
powder using a mixture of dichloromethane/methanol (1:1, v:v) by
ultrasonication. The supernatant liquid, separated from the powder by
centrifugation, was collected in a clean vial. The extraction procedure
was repeated three times. The collected liquid constituted the total
lipid fraction which was first analyzed by Fourier Transform-Infrared
Spectroscopy (FT-IR) to obtain overall characterization of organic func-
tional groups and evaluate sample preservation. For biomarker analy-
ses, total lipid extracts were fractionated by solid phase extraction
performed with AminoPropyl Bond Elute© cartridges, using solvents
of increasing polarity. Extracts were dried under nitrogen flux. Acidic
compounds were eluted with ether, after acidification of the medium
with ether:formic acid (9:1). Before analysis, fatty acids were esterified
using acetyl chloride in anhydrous methanol. The hydrocarbon fraction
was separated from the neutral fraction by flash chromatography on
deactivated silica (5% water) by eluting with heptane. Neutral com-
pounds were eluted with dichloromethane/methanol (1:1).

3.4. Fourier Transform-Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was performed in the mid-infrared area
(4000–400 cm−1) using a Perkin Elmer Spectrum 100 Spectrophotom-
eter with a Universal ATR (Attenuated Total Reflectance) with a K–Br
beamsplitter and a LiTaO3 detector, with a resolution of 4 cm−1. A
few drops of the total lipid extract were placed on the crystal of the
ATR apparatus and dried under nitrogen flow. Spectral bands were
assigned according to the literature (Painter et al., 1981; Wang and
Griffiths, 1985; Solomon and Carangelo, 1988; Sobkowiak and Painter,
1992; Mastandrea et al., 2011; Guido et al., 2012a,b, 2013a,b). A Factor
(2930 + 2860 cm−1)/(2930 + 2860 + 1630 cm−1) and C Factor
(1710 cm−1)/(1710 + 1630 cm−1) were measured to classify the ker-
ogen types and maturation level of the organic compounds. These fac-
tors, used in a similar manner to the traditional H/C–O/C elemental
ratios and to Rock-Eval pyrolysis parameters, such as Hydrogen Index
(HI)–Oxygen Index (OI), are useful in quantifying changes in the abun-
dance of aliphatic and carbonyl/carboxyl groups and can be utilized to
differentiate marine and continental sources (Ganz and Kalkreuth,
1987; Guido et al., 2012a,b, 2013a,b).

3.5. Gas chromatography–mass spectrometry (GC-MS)

Molecular compounds were identified by GC/MS using a Varian
Saturn 2000 instrument in the Department of Chemistry, University of
Calabria, equipped with a Varian Factor Four-5MS capillary column
(30 m × 0.25 mm i.d., 0.25 μm film thickness, crosslinked 5%-
diphenyl–95%-dimethyl siloxane). Helium was used as the carrier gas
at a linear flow velocity of 1.1 ml/s. The temperature was held at 40 °C
for 1 min, then increased from 40 to 120 °C at 30°C min−1, and 120 to
300 °C at 5°C min−1, with the final isothermal hold at 300 °C for
20 min. The sample was injected unsplit, with an injector temperature
of 280 °C. Squalane was added as an internal standard. The MS was
operated in the electron impact mode at an ion trap temperature of
230 °C and emission current of 10 mA. Compounds were identified by
comparison with published mass spectra and relative retention times
(Bartle et al., 1979; Tissot and Welte, 1984; Baranger and Disnar,
1988; Baranger et al., 1989; Russell et al., 1997; Thiel et al., 1997;
Peters et al., 2005a,b; Guido et al., 2007; Heindel et al., 2010; Tosti
et al., 2011a, 2012; Guido et al., 2013c).

3.6. Rare Earth Elements

Sample preparation (decalcification) and the protocol for obtaining
Rare Earth Element and Yttrium (REE + Y) distribution patterns follow
those of Eggins et al. (1997) asmodified byMastandrea et al. (2010) and
Guido et al. (2011). Twelve samples were broken into millimeter-size
fragments and ground to powder. Using a Mars5 apparatus (CEM tech-
nologies) and teflon (TFM) digestion vessels, 100 mg of powder from
each sample was dissolved in a mixture of hydrofluoric acid (2 ml HF),
nitric acid (8 ml HNO3) and perchloric acid (2 ml HClO4). Before com-
plete evaporation of the acid, 2 ml of perchloric acid was added to
ensure complete removal of the hydrofluoric acid. Mother solutions
were obtained by allowing the reaction solutions to cool slowly and
then diluted to 100 ml with millipore water up to a sample/solution
weight ratio of 1:1000. Trace element concentrations were determined
using Perkin-Elmer Elan DRCe Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) in the Department of Earth Science, University
of Calabria. The same procedures were used to prepare two standard
reference materials: Dolomitic Limestone (SRM 88b) from N.I.S.T. and
Micaschist (SDC-1) from the US Geological Survey. These were used as
unknown samples during the analytical sequence (Eggins et al., 1997).
REE + Y concentrations were determined by external calibration
curves, prepared using Perkin Elmer “multi-element Calibration Stan-
dard 2 solution”. Internal standards (Indium, Germanium, Rhenium)
were added to standards and solutions. In total, 24 analyses comprising
12 unknown determinations, 8 quality control standards (Limestone
and Micaschist), and 4 blank determinations, were combined during
the analytical run. To evaluate accuracy, the mean values of measure-
ments carried out on the quality control standards were compared
with those certified. Accuracies were better than 8%, with most ele-
ments within +/−5%. The instrument detection limit was evaluated
by multiplying the standard deviation of the blanks by 3. The REE + Y
distributions for the samples are shown as normalized REE+Ypatterns
in which Y is inserted between Dy and Ho according to ionic radius
(Bau and Dulski, 1996). In addition to REE content, quantitative evalua-
tion of the positive La anomaly and negative Ce anomaly in the shale-
normalized REE+Ypatternswas used to assess depositional conditions
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(Bau and Dulski, 1996; Kamber and Webb, 2001). Because these
two anomalies are related, they are commonly plotted in a PAAS-
normalized diagram of (La/La*)sn vs (Ce/Ce*)sn where La⁎sn = Prsn +
2 × (Prsn − Ndsn) and Ce⁎sn = Prsn + (Prsn − Ndsn) (Lawrence et al.,
2006). Since Pr in Alpe di Specie samples presents a negative anomaly
and could influence Ce evaluation, the algorithms were modified using
Nd and Sm as follows: La⁎sn = Ndsn + 3 × (Ndsn − Smsn) and Ce⁎sn =
Ndsn + 2 × (Ndsn − Smsn).

4. Results

4.1. Microfacies

4.1.1. Punta Grohmann
Punta Grohmann samples have a distinctive skeletal-microbial

boundstone fabric with stromatolitic, peloidal and aphanitic micrites
(Fig. 4a), calcified cyanobacteria (Girvanella, Cladogirvanella cipitensis,
Fig. 5a) and problematic calcified organisms such as Shamovella
(Fig. 5b), Archaeolithoporella sp., Plexoramea cerebriformis, Macrotubus
Fig. 4. Sketches of (a) Punta Grohmann
babai, and Baccanella floriformis. These small (up to a few mm)
encrusting and baffling microorganisms are intimately associated with
the micritic microbial crusts and botryoidal and fibrous cements, which
fill small vugs and stromatactis-like cavities. Common demosponges in-
clude Solenolmia manon (Fig. 5c). Late cements occluding residual cavi-
ties are blocky ferroan sparry calcite. Bright epifluorescence commonly
associated with the presence of calcimicrobes, micritic crusts and some
aphanitic micrites, indicates high concentrations of organic matter.

4.1.2. Alpe di Specie
Small (b5 m) coralgal patch reefs (Fig. 4b), consisting mainly

of centimetric scleractinian corals (e.g., Margarosmilia sp., Fig. 6a),
sponges (Amblysiphonella sp., Cryptocoelia zitteli, Uvanella irregularis;
Atrochaetetes medius; Colospongia andrusovi (Fig. 6b)) and calcareous
red algae (‘Solenopora’ Fig. 6c, Dendronella), developed in the relatively
muddy low-energy environment of Alpe di Specie. They form a complex
framework (Fig. 7), poor in early cement, in which the cavity system
represents 35% of the overall mound sediment. Despite the small size
of the individual skeletons, the framework accreted sufficiently fast to
and (b) Alpe di Specie reef fabrics.



Fig. 5. Transmitted lightmicrophotographs of Punta Grohmann Cipit Boulder specimens: a) Cladogirvanella sp., sample PG1; b) Shamovella sp., sample U3; c) Solenolmiamanon, sample U1.
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maintain relief above the adjacent substrate. Bright fluorescence, indi-
cating high organic compound content in the peloidal micrite (as well
as in the metazoan skeletons), supports an autochthonous bacterial
interpretation of the micrites in these coral-algal reefs. This reasoning
was also applied by Cuif et al. (1990) and Müller-Wille and Reitner
(1993) in studies of residual organic matter in carbonates and biominer-
alization processes in sphinctozoan sponges. Similarly, Russo et al. (1997)
distinguished autochthonous and allochthonousmicrites in samples from
the Cassian Formation and used bright autofluorescence in stromatolitic
laminites and thrombolites to infer microbially-induced mineralization
processes.
4.2. Total Organic Carbon (TOC) and FT-IR analyses

TOC concentration in the Punta Grohmann samples ranges from 0.5
to 1.5%, with an average of ~1% (Fig. 7). Samples U3, U4 and U5 show
above-average concentrations. All the values are higher than those re-
ported from Lower Triassic shallow water carbonates in Japan (average
of ~0.08; Musashi et al., 2001) and from Gartnerkofel in Austria (0.05–
0.15%; Magaritz et al., 1992), but are similar to Late Triassic carbonates
of the Kossen Fm., Austria (0.11–1.50%; McRoberts et al., 1997) and
the Eiberg Basin, Austria (average of ~1%; Ruhl et al., 2009). Low Early
Triassic organic carbon concentrations are consistent with a declining
trend near the Permian–Triassic Boundary (PTB) that suggests reduced
primary productivity (algae, cyanobacteria) and/or increased organic
matter degradation (Morante and Hallam, 1996). Following the PTB, a
sharp increase in Corg (0.1%–0.3%) in limestones in western Slovenia
(Schwab and Spangerberg, 2004) has been linked to higher primary
productivity due to increased pCO2 or other nutrient supply. TOC values
similar to Punta Grohmann have also been recorded in the upper
Triassic Meride Limestone Formation (average of 1%, Bernasconi and
Riva, 1993; Mattavelli et al., 1993; Picotti et al., 2007) from northern
Italy and in pre-Jurassic carbonate source rocks (0.03–1.59%, average
of 0.3%, Yin et al., 2011) and calcified microbial framestones (0.6–5.8%,
average: 2.7%, Krull et al., 2004), both in South China.
Fig. 6. Transmitted light microphotographs of Alpe di Specie samples: a) Margarosmi
FT-IR analyses of total lipid extracts, following the procedure de-
scribed above, show spectral bands in the range 600 to 3000 cm−1.
They containmethyl andmethylene [δ(CH2+CH3); 1458 cm−1] groups,
stretching aliphatic bands (νCHali) (2949, 2918 and 2848 cm−1),
andmethyl deformation bands (δCH3; 1365 cm−1). The spectra also dis-
play bands assigned to carbonyl and/or carboxyl groups (νC_O;
1740 cm−1) and to the skeletal vibration of more than four methylene
groups [δ(CH2)4; 720 cm−1]. The νC\O vibration, between 1300 and
1100 cm−1, and the νC_C band were also recorded. Thermal maturity
was evaluated using standard geochemical parameters, such as A and C
factors (Ganz and Kalkreuth, 1987). All Punta Grohmann samples fall
within the catagenesis field, implying good preservation of organic mat-
ter, consistent with the optical and epifluorescence observations.

Higher TOC concentrations (1–2.5%, average of ~2%) were recorded
in the Alpe di Specie samples (Fig. 8). Similar TOC values occur in Late
Triassic shallow marine micritic coral bioherms from Alaska that show
a maximum concentration of 5.3%, an average of 1.53%, with more
than 10 samples N2% (Whalen and Beatty, 2008). FT-IR analyses of
Alpe di Specie samples record similar functional groups to those of
Punta Grohmann, with aliphatic, carbonyl/carboxyl and double carbon
bond stretching vibrations, but different relative abundances. The ali-
phatic C\H stretching region (3000 to 2800 cm−1) presents three spec-
tral bands: at 2955 cm−1 (asymmetrical CH3 stretching), 2925 cm−1

(asymmetrical CH2 stretching) and 2850 cm−1 (symmetrical CH2

stretching), with lower absorption intensities at Alpe di Specie com-
pared with Punta Grohmann. The C_O and C_C stretching bands
show the same behavior. The A and C factors indicate that Alpe di Specie
organicmattermaturity has values in the diagenesis field (see Ganz and
Kalkreuth, 1987) and therefore has better preservation than Punta
Grohmann samples (Fig. 9). Overall, these maturity data agree with
the optimal preservation of the carbonates in both successions.

4.3. Biomarker analyses

Mainly even numbered, straight-chain, saturated carboxylic acids,
were detected in both Punta Grohmann and Alpe di Specie samples.
lia sp., sample S1; b) Colospongia andrusovi, sample S2; c) ‘Solenopora’, sample S.



Fig. 7. Scleractinian, red algal, sponge, bryozoan frame reef macrofabrics, Alpedi Specie. a) Large corals at center and left areMargarosmilia. b) Sample dominated by the inozoan sponge
Sestrostomella robusta.
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They show strong predominance of hexa- and octadecanoic acids (C16,
C18) and small amounts of high molecular weight compounds in the
region from C23 to C27. Terminally-branched fatty acids are absent
from the lipid fractions of Punta Grohmann samples (Fig. 10a).

The m/z 57 + 71 + 85 + 99 + 113 mass fragmentogram of the ali-
phatic hydrocarbon fraction extracted from Punta Grohmann samples
shows a wide variety of branched and unbranched long chain n-alkanes
and the presence of specific acyclic isoprenoid compounds, recognized
as pristane and phytane. The average pristane/phytane ratio (Pr/Ph) is
N1; this suggests oxygenated conditions during deposition (see Rashid,
1979; Powell, 1988).

GC-MS analyses of all the samples studied reveal extended hopane
series from C27 to C31, but these are more abundant in the Punta
Grohmann samples. The partial m/z 191 mass fragmentogram of
the hydrocarbons provides evidence of hopanoid distributions.
Both αβ and βα isomers are present for most of the compounds.
The hopanoid distribution is dominated by non-extended hopanes;
predominantly the C30 member (17α,21β-hopane). The other
compounds include C29 (17α,21β-norhopane), C27 (17β and 17α-
trisnorhopane), C29 (17β,21α and 17β,21β-norhopane), C30 (17β,21β-
hopane), C31 (17α,21β and 17β,21α-homohopane) and C32 (17α,21β-
bisomohopane). The carboxylic acid pattern and pentacyclic terpanes
series in the Punta Grohmann samples are similar to those reported
from present-day microbial mats in the Florida Everglades, indicating an
origin from calcifying cyanobacteria (see Thiel et al., 1997). However,
Fig. 8. Total Organic Carbon (TOC) content of samples from Punta Grohmann and Alpe di
Specie.
monounsaturated fatty acids, as well as saturated short-chain fatty
acids, have low specificity, occurring in a variety of marine bacteria
(Cranwell, 1982; Parkes and Taylor, 1983; Gillan and Sandstrom,
1985), marine phytoplankton (e.g., Volkmann et al., 1989; Viso
and Marty, 1993; Pond et al., 1998), zooplankton, and benthic
organisms (e.g., Wakeham, 1995; Albers et al., 1996; Graeve et al.,
1997). The presence of hopanoids, although not abundant, also indi-
cates prokaryotes (Ourisson et al., 1987; Brocks and Summons, 2003).
Studies have shown that pentacyclicterpanes of the C27 to C31 hopane
series are diagnostic of bacteria (Brocks and Summons, 2003; Peters
et al., 2005a, 2005b). Bacteriohopanepolyols, the biological precursors
of these hopanes, have function as membrane rigidifiers in bacteria,
the equivalent role to that performed in Eukarya by sterols (Ourisson
et al., 1987; Brocks and Summons, 2003).

In Alpe di Specie samples, C16 monounsaturated and Cl8 mono-and
diunsaturated compounds are present in significant amounts in
the peloidal microfabric (Fig. 10b). These also contain terminally-
branched C15:0 to C19:0 iso and anteiso fatty acids. Among the iso and
anteiso fatty acids, those with 15 and 17 carbons are more abundant.
Iso fatty acids predominate over anteiso fatty acids. Short-chain
Fig. 9.Van Krevelen diagram showing thermalmaturity of samples from Punta Grohmann
(PG, filled circles) and Alpe di Specie (AS, open circles).



Fig. 10. Partial gas chromatogram of the acidic fraction showing distribution of fatty acids: a) Punta Grohmann; b) Alpe di Specie.
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branched fatty acids occur in various bacteria (e.g., Edlund et al., 1985;
Goossens et al., 1986; Kaneda, 1991), but iso- and anteiso- C15:0 and
C17:0-branched fatty acids are particularly abundant in sulfate-
reducers (Perry et al., 1979; Taylor and Parkes, 1983; Dowling et al.,
1986; Wakeham and Beier, 1991; Elvert et al., 2003; Heindel et al.,
2010, 2012; Guido et al., 2013c). Since cyanobacteria are not known to
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synthesize iso- and anteiso-branched fatty acids with chain lengths C15
and C17, it is reasonable to interpret these short-chain branched fatty
acids as biomarkers for sulfate reducers with intermediate source spec-
ificity (Heindel et al., 2010, 2012). The relative abundance of these bio-
markers suggests that the bacterial community was dominated by
sulfate-reducing bacteria. By degrading reefal organic matter, as in
present-day autochthonous reef crusts, SRB appear to induce precipita-
tion of clotted peloidal micrite deposits in reef frameworks (Heindel
et al., 2010, 2012; Guido et al., 2013c).

4.4. Rare Earth Elements

REE + Y values of the samples studied, with calculated anomalies
and control standards values, are shown in Table 1. Punta Grohmann
REE distributions, normalized to PAAS (PostArchean Australian Shales;
Nance and Taylor, 1976;Webb and Kamber, 2000), show coherent pat-
terns, with positive La, negative Ce, and a subordinate negative Pr
anomaly (Fig. 11). The average La and Ce anomalies are 1.83 ± 0.67
and 0.75 ± 0.27 respectively (Table 1). These values also show relative
depletion in lighter rare earths (LREE) and low enrichment of the heavy
rare earths (HREE), expressed by the average value ratios of Smsn/Ybsn
(ratio = 0.76; SD = 0.16) according to Webb and Kamber (2000).
The samples also show a strongly superchondritic Y/Ho ratio, expressed
as a prominent positive Y spike in the pattern (Y/Ho = 60.54, SD =
6.67), corresponding with the range of modern marine proxies (44–74)
(Nozaki et al., 1997) and considerably higher than chondritic values
(26–28) (Kamber and Webb, 2001). Cerium values can be interpreted
as a function of the oxidation state (Elderfield and Greaves, 1982; Webb
and Kamber, 2000; Bolhar et al., 2004). The Punta Grohmann Ce values
indicate deposition in normal oxygenated conditions. They are similar
to those in Lower and Upper Permian bioclastic limestones in China
(Nan Junya et al., 2002) which are characterized by relative HREE enrich-
ment, considerable Ce depletion, and positive La. Modern microbialites
possess a prominent negative Ce anomaly, (Ce/Ce*)sn b 1, and a positive
La anomaly, (La/La*)sn N 1 (Webb and Kamber, 2000).

Alpe di Specie REE distributions, PAAS normalized, show a flatter
pattern than those at Punta Grohmann, with positive La and Ce anoma-
lies, a negative Pr anomaly, and a reduced Y spike (Fig. 10). The samples
exhibit lower HREE enrichment (Smsn/Ybsn ratio = 0.90; SD = 0.18).
Average La and Ce anomalies are 2.31 ± 1.25 and 1.20 ± 0.36 respec-
tively (Table 1). The Ce anomaly is coherent with sub-oxic deposition
(Nan Junya et al., 2002). These values can also be compared with
those in blocks of Jurassic marine limestones in Japan, interpreted as
having been deposited in a restricted environment in which local
waters weremore reducing than normal (Tanaka et al., 2003). Other ex-
amples with similar values can be found in present-day stagnant water
masses, as in anoxic waters of the Cariaco Trench (De Baar et al., 1988).
The Y/Ho ratio is interpreted as near chondritic (sample average Y/Ho
ratio is 40.27 ± 3.80) and is consistent with limited terrigenous influx
indicated by lower concentration of Sc and Th (Bau and Dulski, 1996,
Van Kranendonk et al., 2007; Table 1). The overall REE distributions
in Alpe di Specie samples, showing negative Pr and lower positive Y
anomalies with a chondritic-type Y/Ho ratio, suggest less oxygenated
depositional conditions (Webb and Kamber, 2000; Bolhar et al., 2004)
than those in Punta Grohmann samples.

5. Discussion

Flügel (2002, Table 1) recognized three main stages of Triassic reef
development: Scythian microbial reefs, Anisian–Carnian sponge–
Shamovella–microbial crust reefs, and Norian–Rhaetian sponge–coral–red
algal reefs. In the Dolomite region the key step, when the sponge–
Shamovella–crust reef biota was augmented by corals and calcareous
algae, occurred within the second of these stages, near the Ladinian–
Carnian transition (Flügel, 2002; Stanley, 2003; Russo, 2005), and coincided
with an apparent reduction in the rate of carbonate sedimentation, or at



Fig. 11. REE distribution patterns, normalized to PAAS (McLennan, 1989), of the samples from Punta Grohmann and Alpe di Specie. Punta Grohmann samples are characterized overall by
positive La and negative Ce anomalies, anHREE enriched pattern, the presence of GD and Eu anomalies, and a highY spike. Alpe di Specie samples show a flatter distribution,with lower Ce
and Y anomalies and a prominent negative Pr anomaly, suggesting a less oxygenated environment.
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least a decline in the formation of high-rise prograding platforms (Keim
et al., 2006). Current age estimates for the base of the Ladinian
(241.5 Ma) and the base of the Carnian (237 Ma) (Gradstein et al., 2012),
are respectively ~4.5 Ma and ~9 Ma older than previously calculated
(Ogg et al., 2008), and indicate that these significant Ladinian–Carnian
changes in reef composition took place within ~15Ma of the Permian–Tri-
assic boundary.

5.1. Punta Grohmann microbial-problematica-sponge reef

Despite the major changes in environments and organisms associat-
ed with the Permian–Triassic Mass Extinction transition (Erwin, 2006;
Knoll et al., 2007), the reef building communities that dominated the
Ladinian in the Dolomites show similarities to those of the mid–late
Permian. They were dominated by heavily calcified but mostly very
small skeletons, locally in close association with large amounts of
syndepositional cemented micrite, microbial veneers, and small fenes-
trae (Fürsich and Wendt, 1977; Russo et al., 1997). Their microfacies
are broadly similar to those of the Late Permian Capitan reef (Stanley,
1981, 1988;Wood, 1998). Punta Grohmann reefs include bryozoans, cal-
cified cyanobacteria (Cladogirvanella, Girvanella), and sponges together
with diverse problematic calcified organisms (e.g. Shamovella),microbial
crusts (e.g., Archaeolithoporella), sparry seafloor crusts and abundant
micrite, much of which has been regarded as microbial in origin. These
small heavily calcified organisms, connected by syndepositionally lithi-
fied autochthonous micrites and crusts, built a structure well suited to
high energy conditions (Russo et al., 1997). There is little evidence that
coarse-grained allochthonous debris accumulated in this environment.
Similar reef architecture, forming wave-resistant platform margins and
slopes have been observed in Zechstein reefs of northern England
(Tucker and Hollingworth, 1986), the Permian Capitan Reef of west
Texas and New Mexico (Wood et al., 1994, 1996) and in Triassic
megablocks in Sosio Valley, Sicily (Flügel et al., 1991).

In Punta Grohmann samples, the REE + Y pattern and pristane/
phytane ratio (N1) indicate an aerobic environment, and the fatty acid
distribution and presence of hopanoids indicate cyanobacteria (Tosti
et al., 2011b, 2012). Oxygenation is consistent with the high-energy
environment of this exposed reef margin location, and cyanobacterial
biomarkers are consistent with the common presence of Girvanella
and Cladogirvanella in the samples. The absence of BSR biomarkers
suggests that these tight structures created few cavities in which low-
oxygen conditions could develop. It had previously been assumed that
the abundantmicrite in Punta Grohmann reefs likely had amicrobial or-
igin similar to that inferred for Alpe di Specie (Russo et al., 1991; Tosti
et al., 2012). However, in the light of our biomarker data, it is necessary
to revisit the question of the nature and origin of the abundant micrite
in reefs of Punta Grohmann type.

5.2. Alpe di Specie coralgal frame reef

Large, extensive metazoan reefs with corals became common in the
Upper Triassic, primarily in the Tethys and western Panthalassa oceans
(Flügel, 2002; Martindale et al., 2010). By comparison, Alpe di Specie
patch-reefs are small. They are similar to Carnian patch reefs from
Williston Lake (British Columbia, Canada) described by Zonneveld
et al. (2007) which have metric dimensions and are mainly composed
of scleractinian corals, sponges and red algae with the additional pres-
ence of green algae, bryozoans and problematic microorganisms.
Micrites, filling the cavities, can present a distinctive clotted fabric
(Patch-Reef B and C; Zonneveld et al., 2007).

REE+Y signatures and abundance of organicmatter in Alpe di Specie
samples indicate suboxic environments. Neuweiler and Reitner (1995)
found bright fluorescence associated with growth forms of thrombolites
and stromatolites in polished thin-sections. They interpreted this to indi-
cate in situ organic matter and to be organomicrite. We infer that these
deposits preferentially developed in reefal cavities, favored by prolifera-
tion of essentially anaerobic bacterial communities such as those indicat-
ed by the presence of BSR biomarkers. This new finding supports but also
qualifies Keim et al's (2006) suggestion of anoxic conditions. We infer
that this reef community required at least ~3 to 5 ml·l−1 of dissolved
oxygen (Neulinger et al., 2008) mainly produced by algae. Furthermore,
the sub-oxic conditions indicated by REEmay reflect local microenviron-
ments within the reef cavities that were different from the oxygen levels
of the surface seawater. BSR biomarkers are consistent with suboxic con-
ditions generally, because sulfate reduction typically occurs in oxygen-
poor environments, and with the development of restricted cavities in
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which organic matter could accumulate and decay. The clotted peloidal
micrite within these types of framework cavities has commonly been
linked to anaerobic bacteria (Monty, 1976; Chafetz, 1986; Buczynski
and Chafetz, 1991; Reitner, 1993; Kazmierczak et al., 1996; Folk and
Chafetz, 2000; Riding, 2002; Riding and Tomás, 2006) and comparable
fabrics in Pleistocene–Holocene reef microbialites at Tahiti contain lipid
biomarkers indicating a bacterial community dominated by sulfate-
reducing bacteria that degraded organic matter (Heindel et al., 2010,
2012). Similarly, Guido et al. (2012c, 2013c) recognized the involvement
of SRB in micrite precipitation in Holocene biostalactites in submerged
caves in Sicily.

5.3. Cyanobacterial calcification

Cladogirvanella is an unusually large and well-calcified cyanobacterial
fossil that in Punta Grohmann reef fabrics forms centimetric erect den-
dritic skeletons (Ott, 1966; Russo et al., 1997). Modeled results suggest
that, following the Permian–Triassic transition, atmospheric CO2 declined
to relatively low levels ~220 Ma ago (Berner, 2006, Fig. 18) as O2 levels
increased (Berner, 2006, Fig. 20). These conditions can be expected to
induce CO2 concentrating mechanisms (CCM) in cyanobacteria. CCM act
to maintain photosynthesis, and include bicarbonate transport into cells
(Badger and Price, 2003). This in turn promotes extracellular pH rise
that can cause sheath calcification if aquatic carbonate saturation state
is elevated (Merz, 1992; Riding and Tomás, 2006). A modeled increase
in seawater calcium levels at this time (Stanley and Hardie, 1998, Fig. 1)
suggests that seawater saturation for CaCO3minerals would also have in-
creased (Riding and Liang, 2005a), consistent with high accumulation
rates of platform carbonates at this time (Bosscher and Schlager, 1993)
(see Riding and Liang, 2005b, Fig. 1), as is well seen in the Italian
Dolomites. It is therefore possible that Triassic increase in occurrence of
marine sheath-calcified cyanobacteria (Arp et al., 2001, Fig. 1d) reflects
this combination of conditions. These inferences are consistent with
expectations that Permian–Triassic biotic changes reflect responses to
major environmental perturbations, that probably influencedboth abiotic
and bioinduced CaCO3 precipitation (Goddéris et al., 2008; Kiessling,
2010).

5.4. Reef cavity anoxia

Cavernous reef frameworks are important in increasing habitat
diversity and providing sites for both the production and mineralization
of organic matter (Haberstroh and Sansone, 1999; Richter et al., 2001).
Fig. 12. Summary details of contrasting reef carbonates preserved in mid-Triassic allochth
These processes can significantly influence early diagenesis (Zankl and
Müller, 1977) and nutrient regeneration and cycling (Werner et al.,
2006). Not least, they may have assisted coral reefs to occupy oligotro-
phic oceanic conditions (Crossland and Barnes, 1983; Werner et al.,
2006). Frameworks have developed in many Phanerozoic skeletal reefs
(Webb, 1996; Riding, 2002), but cavities are likely to have been smaller
where constructors were laminar skeletons andwherematrix and/or in-
tense synsedimentary cementation and surface crusts rapidly occluded
pores and internal space. As in the Latemar margin reef (Harris, 1993),
reef structure in the Punta Grohmann samples was cavity-poor and
dominated by small and often encrusting skeletons (Fürsich and
Wendt, 1977; Biddle, 1981; Russo et al., 1997). The development of
Alpe di Specie reefs appears to have marked a reversion to more open
frame-reef structure. Certainly, by the Late Triassic scleractinian corals
were becoming major reef builders (Flügel, 1994), locally developing
substantial frameworks (Weidlich et al., 1993; Bernecker, 2005).

6. Synthesis and conclusions

Punta Grohmann and Alpe di Specie reef carbonates represent a sig-
nificant transition in reef construction and environments. Excellent
preservation and low thermal maturity allow detailed organic com-
pound characterization to be combined with REE analyses and petro-
graphic characteristics, providing an integrated interpretation of these
deposits (Fig. 12).

Punta Grohmann carbonates are generally well preserved erratic
blocks (Cipit Boulders), embedded in marly matrix and derived from
adjacent prograding carbonate platforms. They arewidely thought to rep-
resent rigid reef framework that developed in shallow-water on platform
margins or upper slopes (Keim and Schlager, 2001). Their fabrics contain
calcified cyanobacteria, problematic organisms (Archaeolithoporella,
Shamovella), and sponges together with locally large amounts of
syndepositonally cemented micrite, and sparry seafloor crust. Together,
these created reef structureswith few large cavities. REE values indicative
of oxic conditions are consistent with this setting and reef structure.
Although the absence of specific biomarkers for BSR does not necessarily
imply that sulfate reduction did not occur, it suggests that most organic
matter was likely efficiently removed by aerobic processes. Distinct bio-
markers for cyanobacteria are consistent with the presence of common
calcified cyanobacterial fossils in these frameworks. These results support
the widely held view that microbial processes were involved in forming
these deposits, but at the same time indicate a stronger connection with
cyanobacterial oxygenic photosynthesis than with BSR. This underscores
onous blocks of reef margin from Punta Grohmann and in Alpe di Specie patch reefs.
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a need to further examine the origins of themicritic fabrics that are com-
mon in these platform-top deposits (Russo et al., 1997; Stefani et al.,
2004). Oxic conditions are consistent with warm turbulent shallow-
water, which is likely to have an elevated carbonate saturation state.
This, together with mid-Triassic conditions (more elevated oxygen;
lower levels of CO2) that promote induction of CO2-concentrating mech-
anisms could have combined to stimulate bioinduced cyanobacterial cal-
cification, accounting for the unusual abundance of these fossils at this
time (see Arp et al., 2001).

Alpe di Specie patch reefs formed in quieter shallow water environ-
ments that weremuddy but photic. Their relatively open and cavernous
frameworkwas constructedmainly by scleractinian corals, sponges, and
red algae. Seafloor sparry crusts are lacking and distinctive clotted-
peloidal micrite fabrics accumulated in relatively large cavities. Despite
their small size, these Carnian (~234Ma) bioherms constitute one of the
earliest examples of skeletal framework biotically similar to that of
present-day tropical coralgal reefs, composed mainly of scleractinian
corals and coralline algae. This framework favored the formation of cav-
ities with clotted-peloidal microbial carbonate fabrics. Lipid biomarkers
indicate that the bacterial community was dominated by BSR, which
presumably degraded dissolved and particulate organic matter derived
from within the reef. Low energy conditions coupled with enclosed
cavity development therefore promoted cryptic suboxic environments,
as reflected by REE values and consistent with the presence of bio-
markers for sulfate reducers. Despite the large difference in age and
reef dimensions, these conditions and microbial processes resemble
those of some Late Pleistocene–Early Holocene coralgal reefs, with
BSR-dominated cryptic communities that form stromatolitic crusts.

Ladinian–Carnian reefs in the Dolomites therefore reflect evolution
from Permian-like reef constructions, with abundant crusts and autoch-
thonous microbial synsedimentary lithification, to more open cavernous
scleractinian-red algal frameworks that anticipate essential features of
much younger reefs. Redox geochemistry and biogeochemistry closely
reflect the combined effects that framework structure and extrinsic envi-
ronmental factors produced on internal organic carbon cycling in these
mid-Triassic reefs.
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