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Abstract: In the present paper, we examine the influence of micrite types, autochthonous or
allochthonous, on the dolomitization processes. The recrystallized and dolomitized Carnian
samples from Rifugio Vallandro and Alpe di Specie erratic boulders (South Tyrol, Italy) offer a
unique example for studying the relationship between microbialites and dolomitization processes.
The comparison between the carbonates of the well-preserved erratic boulders of Alpe di Specie
and the isochronous, recrystallized, and dolomitized, samples of Rifugio Vallandro, allows for
hypothesizing the role of microbialites on dolomitization processes. The Rifugio Vallandro samples
represent variously dolomitized boundstone (made of corals, sponges, and peloidal crusts) with a
fine texture (aphanodolomite) which contain organic matter relics, suggesting microbial-mediated
mineralization. Geomicrobiological characterization of the microbialites from Alpe di Specie indicates
that they formed through microbial metabolic activity of sulfate-reducing bacteria, which thrive on
organic matter accumulated in the suboxic to anoxic interspaces of the skeletal framework. Similar
processes can be hypothesized for the microbialite precursor of Rifugio Vallandro. Extracellular
polymeric substance (EPS) and other organic compounds trapped inside the fine crystal matrix
can have a role in the dolomitization processes of the microbialites. High pH and high alkalinity,
derived from the degradation of organic matter, may be critical in promoting the dolomitization of
microbialites because the high pH increases the concentration and activity of the dissolved CO3

2−,
thereby increasing the dolomite supersaturation and reaction rates. This process produces very fine
dolomite (aphanodolomite) that replaces the original organic-rich micrite, while the fine crystalline
dolomite forming larger euhedral crystals seems to derive from the allochthonous micrite due to the
presence of a large amount of siliciclastics and the absence of organic remains.
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1. Introduction

Dolomite forms in many different surface and burial environments. It is a highly variable
mineral whose molecular structure, stoichiometry and trace element composition indicate different
conditions of formation. These variables do preclude seeking a common dolomitization model. In fact,
the physico-chemical factors determining crystal nucleation and growth are not completely understood.
Dolomite can mineralize in seawater, mixed or burial environments and the fact that dolomite is
associated with normal seawater, brine, or meteoric water (all being possible) is not absolute proof of
cause and effect. Based on the formation mode, dolomite is divided into two groups: primary and
secondary [1]. The primary dolomite precipitates directly from an aqueous solution through microbial
activities, the secondary dolomite is a diagenetic product formed from a carbonate precursor (calcite
or aragonite) through a dolomitization process.

Geosciences 2018, 8, 451; doi:10.3390/geosciences8120451 www.mdpi.com/journal/geosciences

http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
https://orcid.org/0000-0003-4647-6947
http://www.mdpi.com/2076-3263/8/12/451?type=check_update&version=1
http://dx.doi.org/10.3390/geosciences8120451
http://www.mdpi.com/journal/geosciences


Geosciences 2018, 8, 451 2 of 21

In recent decades, laboratory experiments, using anaerobic bacterial culture, provided evidence
to understand the mechanisms that may be involved in the primary dolomite precipitation under
Earth surface conditions [2,3]. The microbial model of dolomite precipitation [4] states that dolomite
can precipitate during bacterial sulfate reduction (BSR), which supplies HCO3− ions and consumes
SO4

2− and seems to be an inhibitor of dolomite growth [5]. Methanogenesis and aerobic halophilic
heterotrophic bacteria are other types of metabolic activity involved in dolomite precipitation [5,6].
These studies demonstrated the importance of microbial processes in carbonate mineral formation
with the presence of the active cells and associated biofilms being an essential ingredient [7].
The identification of bacterial traces in recent and ancient microbial dolomites has led to the proposal of
the same microbiological processes for older dolomites [8–12]. Organodiagenesis, which is related to the
role of bacterial sulfate reduction and methanogenesis in overcoming barriers to dolomite nucleation
within anoxic, organic-rich sediments at earth surface temperature, has also been discussed [13,14].

Most evaluations of secondary dolomitization have dealt with supplying magnesium to the
system while the precursor carbonate type was not sufficiently considered. Numerous depositional
and geochemical models were developed to interpret the variety of secondary dolomite in the rock
record [14–21]. Generally, dolomites were formed by replacement of the meta-stable calcium carbonates,
such as aragonite and high-Mg calcite. Seawater is the ideal source for dolomitizing solutions because
of its high concentration of magnesium ions [7]. The widely accepted hypothesis of dolomitization
is that limestone, through partial replacement of Ca with Mg ions, transforms into dolomite [22–27].
During dolomitization, the dissolution of the precursor mineral calcite supply the much-needed Ca+2,
and the dolomitizing fluids carry Mg+2 and CO3

−2 [1,28]. Dolomite formation seems to be favored by:
(a) an efficient and long-lasting supply of aqueous solution with a high Mg+2/Ca+2 ratio and carbonate
alkalinity; (b) an elevated temperature [25]; and (c) a high degree of supersaturation [29]. Conceptual
models, such as the storm recharge–evaporative pumping, Sakha model of [30], or the reflux model
of [31], explain the pervasive dolomitization of carbonate bodies.

The Triassic platforms of Northern Italy represent well-known cases of complete dolomitization [32].
The pathway that led to the dolomitization of these platforms involved different steps from the surface
to burial diagenetic environments, identified through the microfacies, microstructural characteristics,
and geochemical data of dolomite [33–35]. Here, we discuss the influence of the micrite type,
autochthonous (microbialites) or allochthonous (detrital micrite), on secondary dolomitization
processes. The recrystallized and dolomitized Carnian samples from Rifugio Vallandro and the
well-preserved isochronous erratic boulders of Alpe di Specie (South Tyrol, Italy) offer a unique
case study for investigating the relationship between microbialites and dolomitization processes [36].

2. Geological Background

The carbonate platforms of the Dolomites, from the Anisian through to the Carnian stage, record
the evolution from low-relief terrigenous carbonate ramps rich in loose micritic mud to isolated
high-relief carbonate pinnacles dominated by autochthonous micrite and syndepositional cements and
back to low-relief mixed ramps [36–39].

In the Eastern Dolomites, the Middle Carnian registers the demise of the high-relief rimmed
platforms and the accumulation of shallow-water loose sediments which are terrigenous–carbonate in
nature and are often enriched in terrestrial plant remains [38]. The Heiligkreuz Fm., according to the
definition of Keim et al. [40] and Stefani et al. [37], corresponds to the Dürrenstein Fm. of Pisa et al. [41]
and Bosellini [42], and corresponds to the Dürrenstein Fm. sensu De Zanche et al. [43] and subsequent
works [44–46]. This unit records a succession of rather complex depositional events, in which the
climatic variations probably play a significant role, with an alternation of humid with semi-arid climate
episodes. The Heiligkreuz Fm. overlaps in concordance with the Formation of San Cassiano and is
onlap with the slopes of the Cassian platforms.

The lower part of the Heiligkreuz Formation was deposited in a subtidal, shallow, marine setting,
as documented by the sedimentary structures including hummocky cross-lamination, while the upper
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part is characterized by the repeated stacking of meter-size peritidal cycles capped by subaerial
exposure surfaces marked by teepee and paleosoils [36]. The deposition of the Heiligkreuz Formation
is initiated by the combined effect of the sedimentary shallowing of the San Cassiano basins due to
the progressive infilling by platform-derived sediments and extrabasinal terrigenous muds and a
significant sea level drop [42]. In some localities (i.e., Forcella Giau, Rifugio Di Bona), at the bottom
of the formation, a shallow water unit consisting of an admixture of carbonate and terrigenous
shaly to sandy sediments prevented the carbonate fraction from a complete dolomitization. Here,
skeletons show a unique preservation state with their aragonite mineralogy in a pristine state [36,47,48].
Biostromes, showing “modern Mesozoic” features, with diversified colonial corals, stromatoporoids,
and sponges are present in the basal portion of the Heiligkreuz Formation.

During the Carnian stage, a primary skeletal framework developed for the first time [36].
However, the coral-rich biostromes were short-lived, since low-angle terrigenous carbonate ramps
soon developed, rich in loose micritic muds, bioclastic material, and ooids. During the following
Late Triassic period, terrigenous input stopped, and regional low-relief peritidal successions (Dolomia
Principale) accumulated to a great thickness [42,49].

3. Study Area

The Alpe di Specie area is located at the western end of the slope of the Cassian platform
of the Picco di Vallandro Mountain, see Figure 1. In the Prato Piazza–Alpe di Specie area, on the
west of the slope, the Heiligkreuz Dolomite directly overlies the San Cassiano Fm. The geometrical
relationships between Cassian Dolomite, S. Cassiano Fm., and Heiligkreuz Dolomite are strongly
disturbed by tectonics [36]. The Carnian fauna, present in this interval, is one of the most important in
the world [36,50–56]. Although, the exact stratigraphic position of the deposits is hindered by poor
exposure. Generally, they have been regarded as small patch reefs that are either in situ [51] or out
of place [36,54,57], see Figure 2. Most of the research was carried out on erratic boulders embedded
in peaty soil in the meadows of the Alpe di Specie, where they are distributed along a continuous
belt above the deep-water of the San Cassiano Fm. and below the shallow water of the Heiligkreuz
Dolomite. Wide, unexposed zones and strong tectonics make it difficult to determine their stratigraphic
setting [36].

A bioclastic limestone horizon, at the bottom of the typical Heiligkreuz Dolomite (Rifugio Vallandro
section), contains at least three frame-builder horizons, with corals, sponges, and stromatoporoids in life
position, see Figure 3. Although this unit is strongly recrystallized and dolomitized, its faunal content
and facies patterns show strong affinities with those of the very well preserved erratic boulders and it
allows for comparison of the two carbonate bodies from geochemical and geomicrobiological points
of view.
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Figure 1. Schematic geologic map of the Picco di Vallandro (Heiligkreuz) Mountain (1) pre-Ladinian 
formations; (2) Livinallongo (Buchenstein) Formation; (3) Wengen and San Cassiano formations; (4) 
Schlern (Ladinian) and Cassian (Carnian) platforms; (5) Heiligkreuz Dolomite and Raibl beds; (6) 
Dolomia Principale; (7) position of the main erratic boulder swarms in Alpe di Specie (Seelandalpe) 
area; (8) position of studied outcrops; (9) faults and overthrusts (modified from [36]). 

Figure 1. Schematic geologic map of the Picco di Vallandro (Heiligkreuz) Mountain (1) pre-Ladinian
formations; (2) Livinallongo (Buchenstein) Formation; (3) Wengen and San Cassiano formations;
(4) Schlern (Ladinian) and Cassian (Carnian) platforms; (5) Heiligkreuz Dolomite and Raibl beds;
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Figure 3. Stratigraphic section at the boundary between San Cassiano Fm and Heiligkreuz Fm on the
road that cuts near Rifugio Vallandro with the location of the studied samples (modified from [36]).

4. The Rifugio Vallandro Section and the Alpe di Specie Erratic Boulders

The Rifugio Vallandro section and the erratic boulders from the meadows of the Alpe di Specie
were studied by Russo et al. [36] in order: (a) to reconstruct the stratigraphic sequence at the S.
Cassiano/Heiligkreuz boundary, and (b) to understand the different diagenetic histories of the
dolomitized frame-builder horizons of Rifugio Vallandro and the well-preserved erratic boulders.

The Rifugio Vallandro section comprises the S. Cassiano–Heiligkreuz boundary, see Figure 3.
The section is bounded by faults at the base and at the top. The S. Cassiano Formation is composed by
badly exposed to unexposed grey marls with decimeter thick intercalations of marly mudstone and
fine-grained peloidal to bioclastic packstone and wackestone. Russo et al. [36] recognized three main
lithofacies in the Heiligkreuz Formation, see Figure 4: (1) bioturbated nodular carbonates with irregular
marly lenses and drapes, frequently coating the calcareous nodules. (2) calcarenite storm-layers
composed of thick bioclastic (bivalves, echinoderm remains, and coral fragments), intraclastic/peloidal
storm-layers, with erosional bases, normal grading, and basal lags, even to low angle lamination.
(3) frame-builder beds constituted by more or less dolomitized boundstone, with corals, sponges,
chaetetids, and stromatoporoids in life position. Three horizons of frame-builders were recognized.
Fine pelitic sediments which are alternated to the frame builder horizons are probably responsible for
the temporary interruptions of colony growth.

The dolomitization does not allow recognition of the full taxonomic diversity, see Figure 4.
The massive forms, occurring as molds filled up by late calcite spar, are still recognizable.
Russo et al. [36] were able to correlate these beds with erratic boulders for the paleontological content
and depositional/stratigraphic features.

Erratic boulders, shown in Figure 5, are dispersed in the Alpe di Specie meadow inside the basinal
sediments of the S. Cassian Fm. Considering the gravity displacement of the blocks, it is difficult to
define their stratigraphic position, even if it is presumable that they derive from similar carbonate
facies of the Heiligkreuz Fm.
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Figure 5. A typical “erratic boulder” from Alpe di Specie, dominated by colonial corals and demosponges.

Several authors supplied the paleontological and taxonomic features of the frame-builders and
reef-dwellers from Alpe di Specie [36,53,54,57,58]. The assemblage is composed of frame-building
organisms dominated by few taxa (mainly sponges and corals), associated with subordinate encrusting
and dwelling fauna [36].

Here, we have investigated the micrite component of both the carbonate bodies to establish possible
correlations between the micrite type (autochthonous or allochthonous) and the dolomitization processes.

5. Sample Preparation and Methods

We investigate the same samples of the Rifugio Vallandro section analyzed by Russo et al. [36],
see Figure 3. The samples were cut into small blocks (5 × 3 × 1 cm). They were then subdivided
into two parts and, considering the two corresponding cutting surfaces, one part was utilized
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to obtain a polished slab and the other a thin section. In this way, it was possible to select,
on the polished slab, the areas with high epifluorescence and verify, in the opposite thin section,
the corresponding microfacies. Detrital and autochthonous micrite have been distinguished and
analyzed using Raman Spectroscopy.

Uncovered thin sections (48 mm × 28 mm) and polished slabs were studied with an optical
microscope (Zeiss Axioplan II), under plane and cross-polarized light, at a magnification of 2.5,
5, 10, 20, and 40×. The samples were examined for fluorescence to reveal the distribution of the
organic matter (OM). Fluorescence was induced by a Hg vapor lamp linked to an Axioplan II imaging
microscope (Zeiss) equipped with high-performance wide-band pass filters (BP 436/10 nm/LP 470 nm
for green light; BP 450–490 nm/LP 520 nm for yellow light).

For Scanning Electron Microscope (SEM) observations and Electron Probe Micro Analyzer
(EMPA) analyses, the samples were polished with 0.25 microns diamond-impregnated surfaces,
then gently etched (0.05% HCl, 1 min) and carbon- or gold-coated (ca. 250 Å coating thickness),
respectively, depending on whether they were prepared for microanalysis (EMPA) or morphological
study (SEM). SEM observations were carried out on polished thin-sections and freshly broken surfaces
to detect the micro- and nano-morphology of the main carbonate constituents, using a FEI-Philips
ESEM-FEG Quanta 200F, operating with a voltage of 15kV and a working distance of between 10
and 15 mm. Mineralogical and chemical composition was detected using an Electron Probe Micro
Analyzer—JEOL-JXA 8230. EMPA working conditions were as follows: voltage, 15 keV; probe current,
10 nA; working distance, 11mm; take-off angle, 40◦; live time, 50 s.

Micro-Raman analyses were performed using a Thermo Fisher DXR Raman microscope (Waltham,
MA, USA), equipped with OMNICxi Raman Imaging software 1.0, an objective of 50×, a grating of
900 ln/mm (full width at half maximum, FWHM), and an electron multiplying charge-coupled device
(EMCCD). The 532-nm line (solid state laser) was used at an incident power output ranging from 1.8 to
7 mW. The spatial resolution of the laser beam was approximately 3–5 µm. The acquisition time of the
spectra varied from 5 to 40 s. Data were collected in the 50–3360 cm−1 range to capture the first- and
second-order Raman bands. The measurements were collected on randomly oriented grains, with a
fixed orientation of the polarized laser beam.

Even if the occurrence of high-intensity fluorescence complicates the identification of individual
Raman-active vibrational modes, by hiding the corresponding Raman bands, we were able to identify
the main carbonaceous material peaks within the microbialite mineral phases.

6. Results

6.1. Carbonate Components of Erratic Boulders

Alpe di Specie coralgal patch reefs consist mainly of scleractinian corals, sponges, and calcareous
red algae, see Figure 6a–c. Different textures are recorded in the erratic boulders derived from
the patch reefs, ranging from wackstone to boundstone facies. These bioconstructions are rich in
cavities, representing 35% of the overall volume. Early cements are scarce. Two micrite types have
been recognized: allochthonous and autochthonous. The allochthonous micrite shows a very dense
mud texture engulfing small intraclasts, peloids, and bioclasts. This fraction, rich in wackestone
facies, is composed of Mg-calcite with an average Ca content of 82.0 mole % and Mg 5.3 mole %.
A minor amount of Fe (0.7 mole %) and a discrete quantity of clay minerals (Si, Al) have been
detected (8.00 mole %). Weak epifluorescence testifies to the absence of organic matter remains in the
allochthonous fraction. The autochthonous micrite, derived from microbial activities, fill the intra- and
inter-skeletal microcavities, see Figure 6a–e. This component, formed in situ, shows mainly peloidal and
aphanitic (structureless) micrite. It is composed of crystals smaller than 4 µm. These microbial-derived
fractions, composed on average of Ca 90.1 mole %, Mg 8.3 mole %, and 1.6 mole % of siliciclastic
minerals, displays bright fluorescence indicating a discrete amount of organic matter remains,
see Figure 6f. Pyrite framboids are homogeneously distributed in autochthonous micrite.
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autochthonous micrite. (d) Autochthonous micrite showing peloids or clotted peloids. (e,f) 
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Figure 6. Main microfacies of the Alpe di Specie erratic boulders. (a,b) Boundstones made of corals
(black arrows), sponges (red arrows), and autochthonous micrite filling the intra- and extra-skeletal cavities
(white arrows). (c) A red alga, Dendronella articulata (black arrow), surrounded by autochthonous
micrite. (d) Autochthonous micrite showing peloids or clotted peloids. (e,f) Autochthonous micrite
(bottom right) and a portion of corallite wall (top left) observed in incident light (e) and Ultraviolet (UV)
epifluorescence (f); the high fluorescence reveals the high organic matter content inside the microbialite.

6.2. Carbonate Components of Rifugio Vallandro Section

The Rifugio Vallandro section contains frame-builder intervals with corals and sponges.
The dolomitization process, which proceeded evenly but patchy, shows differences according to
the position of the skeletal boundstone. The boundstone facies are detectable mainly at mesoscale
observations in which corals in life position are highly visible. The microfacies are often hindered by
the dolomitization. Subordinately, wackestone/packestones facies are still recognizable. Frame-builder
organisms are generally enveloped by a fine dolomite matrix, see Figure 7a,b, which can be
divided into two components: finely-crystalline (>20 µm), here named finely crystalline dolomite,
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that is attributable to the allochthonous fraction; and very finely crystalline (less than 4–5 µm),
here named aphanodolomite, without texture (aphanitic), see Figure 7a–c, or sometimes showing
peloids, see Figure 7c, that corresponds to the autochthonous fraction (microbialites). The ratio
between the two components is variable along the sections with the allochthonous component
dominating in the wackestone/packestone and the autochthonous one prevailing in the boundstones.
EPMA microanalyses and SEM observations allowed for detection of the composition and micro- and
nano-morphologies of the main components. Dolomite occurs diffusely throughout the bioconstruction
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Figure 7. Rifugio Vallandro microfacies showing the autochthonous carbonate matrix affected by early
organogenic dolomitization. (a,b) Aphanodolomites (white arrows) in cavities among sponges (red
arrows) and corals (black arrows). (c) Aphanodolomite with dolomitized peloids. (d) Pyrite framboids
(white arrow) among the aphanodolomite crystals. (e,f) Aphanodolomites observed in incident light
(left) and UV epifluorescence (right); note the fluorescence is indicative of the organic matter content.
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The aphanodolomite crystals do not exceed 4–5 µm. Therefore, they are about the same size as
the autochthonous micrite observed in the preserved samples of the erratic boulders, see Figures 8
and 9. The aphanodolomite shows sub-euhedral to anhedral micro-crystals composed of Ca-dolomite
with an average Ca content of 61.0 mole %, 37.0 mole % of Mg, and 2.0 mole % of siliciclastic
minerals (Si, Al). In the more recrystallized samples, the small crystals of dolomites aggrade in larger
rhombic crystals, see Figure 10a. An amorphous substance, characterized by a high amount of carbon,
see Figure 10c,d, and micro-spheroidal bodies are engulfed among the aphanodolomite crystals,
see Figure 10c. Microsparitic cement, with an average composition of 93.7 mole % of Ca, 5.7 mole % of
Mg, and 0.6 mole % of siliciclastic, is present around the Ca-dolomitic peloids. The cement filling the
coral cavities is composed of sparite with an average composition of 98.2 mole % of Ca and 1.8 mole %
of Mg. Framboidal pyrites occur as solitary spherules or irregular masses in the aphanodolomites,
see Figures 7 and 10. A feeble epifluorescence linked to the remains of the organic matter is observable
around these components, see Figure 7d.
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Figure 8. Comparison between the very well preserved microfacies from Alpe di Specie (a,c) and the
isochronous recrystallized and dolomitized microfacies from Rifugio Vallandro (b,d). The wall and the
septa of the coral in (a) are preserved in the original mineralogy (aragonite) while those in (b) are coral
casts of sparry calcite. Autochthonous micrite (am) in (a) is transformed in aphanodolomite (ad) in
(b). Detrital micrite (dm) in (c) is transformed in finely-crystalline (fd) dolomites in (d). The primary
micritic Mg-calcite of sponges sclerotissue (white arrow) of (c) transforms in aphanodolomite (ad) in
the recrystallized samples of Rifugio Vallandro.

The finely crystalline dolomite (allochthonous) is composed of larger dolomite crystals (>20 µm)
in comparison to those of the aphanodolomite. It shows crystals with well-defined euhedral
morphology and sizes from 20 µm up to 50 µm, see Figure 9b. This dolomite has an average Ca
content of 49.6 mole %, 44.5 mole % of Mg, and 6.9 mole % of siliciclastic and, differently from the
aphanodolomite, does not show fluorescence and framboidal pyrite.
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Figure 10. SEM pictures showing: (a) aphanodolomite aggrading in larger rhombic crystals (dotted
line); (b) framboidal pyrite among aphanodolomite crystals; (c) aphanodolomite with sferules
tentatively attributed to bacterial remains (white arrow) and mineralized Extracellular Polimeric
Substances (EPS) (black arrow); (d) traces of amorphous carbonaceous material (black arrows) are
attributable to EPS remains scattered among aphanodolomite crystals.
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6.3. Carbonaceous Material Localization and Characterization with Raman Spectroscopy

Raman spectroscopy was performed on the autochthonous and allochthonous micrite of Alpe di
Specie and aphanodolomite and finely-crystalline dolomite of Rifugio Vallandro. The Raman analyses
were made to confirm the presence of carbonaceous material in autochthonous micrite and its absence
in allochthonous micrite, as indicated by epifluorescence observations. Indeed, the micro-Raman
system is capable of analyzing the organic and inorganic features in the samples with a resolution
on the micrometer scale. Differently from the XRD or GC-MS analyses, which require the extraction
of carbonaceous material (CM), Raman microspectroscopy allows in situ measurements on polished
slabs and thin sections. The peaks detected in the samples are located in the range between 50 cm−1

and 3360 cm−1.
The spectra on detrital and autochthonous micrite of the erratic boulder samples show the typical

calcite bands. The four prominent absorption bands of the calcite were recorded at 148, 282, 715, and
1085 cm−1, as shown in Figure 11a,b. Minor shifts of the positions between the analyzed samples and
the spectra published in the literature could be due to the natural impurities of the samples [59,60].
The studied samples show distinctive peaks around 1595 cm−1 and 1354 cm−1, related to the presence
of G and D bands of the amorphous carbon (AM). These bands were recorded in the fluorescent
autochthonous micrite, regardless of the texture type (peloidal or aphanitic). The organic G and D
bands were not present in the spectra of non-fluorescent allochthonous fractions, see Figure 12a,b.
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Figure 11. Comparison between the Raman spectra of samples from the erratic boulders of Alpe di
Specie and Rifugio Vallandro section. (a,b) Autochthonous micrite and its Raman spectrum showing
the G and D bands of the carbonaceous material and the typical calcite (cal) picks. (c,d) Aphanodolomite
and its Raman spectrum showing the G band, a very weak D band, and the typical dolomite picks
(dol). The carbonaceous material (G and D bands) testify to the presence of carbonaceous material
among the aphanodolomite crystals.

The analyses on aphanodolomites of Rifugio Vallandro show the typical dolomite bands.
Prominent absorption bands of the dolomite were recorded at 179, 304, 726, and 1097 cm−1,
see Figure 11c,d. Minor shifts of peak positions between the analyzed samples and the published
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literature spectra can be due to the effects of natural impurities or to the presence of non-stoichiometric
dolomite. Interestingly, the G band at 1602 cm−1 is similar to that of the autochthonous micrite
of the erratic boulder. The D band around 1335 cm−1 is instead very feeble or not present in the
aphanodolomites. The G and D bands are not present in finely crystalline dolomite, confirming the
absence of carbonaceous material in this component, see Figure 12c,d. In this fraction, the peaks of the
dolomite were located at 180, 305, 728, and 1103 cm−1. The Raman spectra of framboidal pyrite show
the typical picks at 347, 381, and 434 cm−1, see Figure 13. The analyses also revealed the presence of
carbonaceous material associated with pyrite as testified by the G band at 1592 cm−1.
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typical dolomite crystals (dol). Note the absence of the carbonaceous material (CM) material in the
allochthonous fraction of both the carbonate samples.
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7. Discussion

7.1. The Microbialite in the Erratic Boulders

Most carbonate platforms in the Dolomites are affected by a pervasive dolomitization that
obliterates facies; therefore, the understanding of paleoenvironments and depositional dynamics
remains largely incomplete. The few isolated outcrops that preserve original primary mineralogy
and micromorphology are particularly valuable for elucidating the carbonate systems as the studied
Carnian succession.

The Carnian “erratic boulders” of Alpe di Specie, see Figure 5, show an excellent preservation
state, including the original mineralogy of skeletal tissues (aragonite or Mg-calcite) and represent a
very important source of knowledge about Upper Triassic reef-building organisms [36]. This is due
to the embedding of patch reefs in fine basinal sediments of the San Cassiano Fm., which prevented
the dolomitizing fluids from altering the primary mineralogical and biochemical characteristics [36].
The presence in this area of both dolomitized patch reefs (Rifugio Vallandro section), see Figure 4,
and isochronous, preserved, carbonate bodies (Alpe di Specie “erratic boulders”), see Figure 5, allowed
for a comparison to be made between the two carbonates and the advancement of a hypothesis on the
control of the dolomitization processes according to the type of carbonate precursor, see Figure 8.

The small coralgal patch reefs of Alpe di Specie developed in the relatively muddy low-energy
environment, see Figure 2. The primary skeletal framework of these bioconstructions was poor in early
cement and the diffused cryptic cavities hosted microbial communities fed by the decaying organic
matter [58]. The microbial metabolic activities favored the precipitation of autochthonous micrite
(microbialites). Peloidal to clotted peloidal and aphanitic micrite fills most of the intra- and inter-skeletal
cavities contributing to the syndepositional cementation and stabilization of these bioconstructions,
see Figure 6. These micrite types were commonly associated with anaerobic bacteria thriving in cryptic
cavities characterized by suboxic to anoxic conditions [61–69]. Recently, microbial activity, inducing
biomineralization processes in modern cryptic environments, was recognized in bioconstructions
growing on submarine caves [70–74]. Biomarkers, with a high specificity of sulfate-reducing bacteria,
are indicative of a univocal microbial process mediating the precipitation of microbialite in the marine
caves [75,76]. Similar microbial processes were inferred for the deposition of autochthonous micrite
inside the small cavities of the Triassic patch reefs. These coralgal patch reefs contain sulfate reducing
bacteria (SRB) biomarkers, lack specific molecules typical of cyanobacteria, and have Rare Earth
Elements (REE) values indicative of suboxic conditions [58,77–79].

7.2. Organic Matter in the Aphanodolomite of Rifugio Vallandro

Although the Rifugio Vallandro section is dolomitized, its faunal content and facies patterns
show strong affinities with those of the erratic boulders, see Figures 7 and 8. Considering the
paleontological content and the geometrical and stratigraphic relationships recognized in the study
area, Russo et al. [36] correlated the Rifugio Vallandro beds with the erratic boulders. The peloidal and
aphanitic micrite texture of the microbialite is still observable in the dolomitized samples, see Figures 7
and 8. The dolomite replaces the original calcite with a very small increase (aggrading) of crystal
sizes and the neo-formed texture mimes the original fabric, still allowing the identification of the
microbialite precursor.

The microbialites, rich in organic matter remains, may have had a role in the dolomitization
processes affecting the Rifugio Vallandro carbonates. The organic content of the aphanodolomite is
confirmed by its epifluorescence, shown in Figure 7f, which represents the property of the material to
emit light when excited by visible or ultraviolet light [55,80]. In limestone, fluorescence is due to the
presence of organic impurities in the crystalline lattice; however, some mineral species fluoresce due to
trace element activation [81]. However, the detection of the carbonaceous material bands in Raman
spectra confirm the presence of organic matter in the aphanodolomites.
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The two wavelength intervals at 1100–1800 cm−1 and 2500–3100 cm−1 were referred to as the first-
and second-order regions of Raman spectra of organic matter (carbonaceous material, CM) [82–86].
In the first-order region, well-organized graphite has a detectable vibration mode at 1580 cm−1, which
is an in-plane mode [83,84]. This peak is named “G band” and, in disordered or poorly-organized CM,
it splits into two peaks; the G band at around 1600 cm−1 and the D band at around 1355 cm−1 [86].
The G band was recorded only in the aphanodolomites, see Figure 11d, whereas it is absent in the
finely crystalline dolomite, see Figure 12d. The presence of the G band in the aphanodolomites, in the
same positions where high epifluorescence was observed, substantiated the presence of organic matter
relics. Differently from the autochthonous micrite of an erratic boulder, in the aphanodolomites, the D
bands are very feeble or not present, testifying to a greater order degree of the carbonaceous material
in the dolomitized samples.

The spectra of aphanodolomites and finely crystalline dolomites display differences in the
intensity and resolution of the main peaks. The finely crystalline dolomite shows clearer spectra
with well-defined peaks in comparison to the spectra of aphanodolomite that show higher fluorescence
phenomena. This behavior could be linked to the carbonaceous material content that seems to influence
the Raman scattering in the microbialite.

Traces of organic matter in the aphanodolomite are also confirmed by the amorphous
substance, see Figure 10c,d, and the micro-spheroidal corpuscles, see Figure 10c, observed with SEM.
The amorphous substance could represent remains of mineralized extracellular polymeric substance
(EPS) while micro-spheroidal corpuscles could represent remains of bacterial mineralized bodies.

7.3. Influence of the Organic Matter in the Dolomitization Process

The origin of dolomite has been extensively studied and many depositional and geochemical
models have been proposed [15–19,21]. An important aspect of dolomite mineralization is how the
barriers of dolomite nucleation may be overcome at earth-surface temperature. These barriers appear
to be overcome within some anoxic, organic-rich sediments as a result of bacterial sulfate reduction
and methanogenesis [13,14]. Sulfate reduction and methanogenesis are mediated by bacteria in anoxic,
organic-rich sediments, mainly composed of highly reactive, proteinaceous (nitrogen-rich) organic
matter. This protein-rich material derives mainly from bacteria, lacustrine and marine algae, and is
preserved in either anoxic lakes or carbonate marine environments [87]. Slaughter and Hill [13]
proposed that the decomposition of proteinaceous organic debris by sulfate-reducing bacteria has
a critical control over organogenic dolomitization. The decomposition of the proteinaceous organic
matter produces relatively high concentrations of ammonia (NH3) and carbon dioxide (CO2). Ammonia
controls pH, and, therefore, CO3

−2 activity, ion pairing, and carbonate surface chemistry. It raises the
pH of the system either locally or on a larger scale, allowing dolomitization to proceed.

In the Alpe di Specie patch reefs, the skeletal framework is rich in cavities, characterized by
suboxic/anoxic conditions, in which the organic matter decay favor bacterial activities. In particular,
the organic matter enrichment contributes to feed sulfate-reducing bacteria in these cavities that, in turn,
induce autochthonous micrite deposition [58]. This micrite is rich in microbial organic matter and,
according to the organodolomitization model proposed by Slaughter and Hill [13] and Mazzullo [14],
may have been involved in dolomitization. The Ca-dolomite composition of the poorly ordered
aphanodolomites and the absence of Fe are in agreement with the replacive nature of this component.
Organogenic dolomites are typically characterized by fine crystals, generally less than 10 µm, and most
are calcic and poorly ordered [14,88–93]. Furthermore, the involvement of sulfate reduction in the
organodolomitization of the microbialite from Rifugio Vallandro is testified by the absence of Fe in the
aphanodolomites because available Fe was rapidly incorporated into sulfide minerals (pyrite). On the
contrary, allochthonous micrite, being poor in organic matter, transforms into larger dolomite crystals
(finely crystalline dolomite).

We hypothesize four diagenetic phases for the dolomitization of the Rifugio Vallandro section.
In the first phase, it seems that aragonite and Mg-calcite skeletal grains dissolve. In the second phase,
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the enzymatic decaying of the organic matter produced interstitial alkaline environments, favoring the
dolomitization of the autochthonous micrite (microbialites). This phase formed very finely dolomite
(aphanodolomites) whereas the detrital micrites were not involved in the process. In the third phase,
the detrital micrite was replaced by finely crystalline dolomite, while the aphanodolomites slightly
aggraded in larger crystals. In the last diagenetic phase, late sparry calcite precipitates in the cavities
left by the dissolution of skeletal grains.

Experiments demonstrated the possibility of mineralizing the primary dolomite in the
laboratory [2–4] and it was also observed in recent environments [94–96]. In the fossil record, similarly
to the recent Ca:Mg mineral phases, stromatolitic laminae of dolomite were observed, and they
were interpreted as primary phases, precipitated at surface settings [7,12,97,98]. Considering the
observation on the studied Carnian samples, that allowed comparison of the pristine Ca-microbialite
with isochronous re-mineralized Ca:Mg microbialite, particular attention should be paid to the
interpretation of fossil autochthonous carbonates. In fact, organodiagenetic processes can induce
the dolomitization of Ca-microbialite, forming a microfabric miming the primary texture.

8. Conclusions

The comparison between the Carnian carbonates of the well-preserved “erratic boulders” of
Alpe di Specie and the isochronous, recrystallized, and dolomitized erratic boulders of the Rifugio
Vallandro section allows the hypothesizing of the role of microbialites on dolomitization processes.
Microbialites form in the cryptic cavities of the patch reef through microbial metabolic activity of
sulfate-reducing bacteria that thrive on organic matter and are accumulated in the suboxic to anoxic
interspaces of the skeletal framework. Microbial extracellular polymeric substance (EPS) and other
organic compounds, that remain trapped inside the fine crystals of the peloidal and aphanitic micrite,
may have a role in the dolomitization processes of the microbialites. High pH and high alkalinity,
derived by the degradation of the organic matter, may be critical in promoting the dolomitization of
microbialites because the high pH increases the concentration and activity of the dissolved CO3

2−,
thereby increasing the dolomite supersaturation and reaction rates. This process produces very finely
crystalline dolomite (aphanodolomite) that replaces the original organic-rich micrite. The degradation
of organic matter suggests an early dolomitization of the microbialite in comparison to the organic
matter poor allochthonous micrite that diagenized later, forming larger euhedral dolomite crystals.
The research on organodolomitization processes, led through different types of micrites (autochthonous
or allochthonous), could help to clarify the dolomitization processes of large carbonate volumes such
as the Dolomites, and it suggests particular attention is needed when interpreting some dolomites as
primary in the fossil record.
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