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Abstract

The present research work is focused on three research problems: (1) an experimental
procedure has been tested for differential dissolution of calcite from mix lithologies (e.g.,
calcareous dolomites, partially dolomitized limestone) to acquire dolomite only for subsequent
stable isotopes analysis, (2) testing reflux dolomitization in the Early Cretaceous carbonates of
the Lattari mountains (southern Apennines, Italy), and (3) some late saddle dolomites were
found, and their presence provided the possibility to test using U-Pb dating the previous model
of single episode late stage, fracture-related dolomitization. An integrated approach has been
deployed to assess the aforementioned research problems, including field work, petrography,
scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), Electron
Microprobe analysis (EPMA), XRD, pXRF, stable (5!°C and §'%0) and Sr-isotopes (*’Sr/**Sr)
analyses, and U-Pb dating.

(1) An experimental study has been conducted to test dissolution of calcite in carbonates
(mix of calcite and dolomite i.e., partially dolomitized limestones, calcareous dolomites, etc)
to acquire dolomite only. The study is an integration of experimental work with X-Ray
Diffraction (XRD) and stable isotopes (5'C and §'®0) analyses. In the present study, calcite
(Carrara Marble), dolomite and synthetic mixtures (i.e., Calcite10%-Dolomite90%,
Calcite30%-Dolomite70%, Calcite50%-Dolomite50% and Calcite70%-Dolomite30%) are
used. These samples are experimentally tested with EDTA-acid (0.3M and 0.5M) and acetic
acid buffer (1.75M and 3.5M) solutions. The experimental work and XRD analysis revealed
less calcite is dissolved by 0.3M EDTA solution and more calcite is dissolved by 1.75M acetic
acid buffer. The former solution is least reactive, and the latter is more aggressive and dissolved
almost all the calcite of synthetic mixed samples. Similarly, the results show a gradual shift in
dolomite percentage and isotopic values from calcite via mixtures towards dolomite in
experiments using 0.3M EDTA to 1.75M acetic acid buffer solutions. The stable isotopes (5'°C
and §'%0) cross-plots are demonstrating no obvious effect of different chemical treatments on
isotopic signatures although some exceptions exist. Among the tested different solutions,
1.75M acetic acid buffer is more effective and suitable for dissolving calcite and acquiring

dolomite only for subsequent geochemical analyses.



(2) In the Cretaceous carbonates of the Lattari mountains, the intensity of dolomitization
varies across the stratigraphy and is preserved as partially dolomitized limestones and
completely dolomitized unit(s). The studied stratigraphic intervals include C (upper Barremian-
lower Aptian) and B (lower Barremian-upper Hauterivian) intervals. The studied carbonates
successions are made up of multiple stacked cycles. The C-interval consist of alternations of
limestones and dolomites, and the B-interval is almost completely dolomitized unit.

All sections of the C-interval consist of medium (Mdol) and coarse (Cdol) crystalline
dolomites except Castello-C which contain Mdol only. Mdol and Cdol’s of the C-interval are
usually Ca-rich non-stoichiometric having low degree of order (except for a couple of samples
having Cdol’s with moderate degree of order) and few nearly stoichiometric dolomites. Mdol’s
of the B-interval consist of Ca-rich stoichiometric, nearly stoichiometric and stoichiometric
dolomites with low-moderate degree of order. The Cdol’s of the B-interval are nearly
stoichiometric to stoichiometric with low-moderate degree of order. Zoned (dolomite crystals
with cloudy cores and limpid rims) and corroded dolomites (worn-out crystals) are noticed in
both C- and B-intervals.

In the C2-interval the dolomite stoichiometry and degree of order varies from Faito-C
through Moiano-C to Castello-C. These observations imply that the source of dolomitizing
fluids was closer to the Faito-C Section with respect to the Castello-C Section. The geometry
of beds/cycles, lithological variations, distribution of dolomites laterally and vertically,
dolomites petrography and geochemistry indicate reflux dolomitization by downward and
basinward flowing mesohaline fluids. The C-interval has experienced few episodes of refluxing
brines due to limited occurrence of zoned dolomites. In the C-interval, the geological and
geochemical characteristics of cycle 3 (selective partial dolomitization) indicate active reflux,
and the dolomite mosaics (i.e., pervasive dolomitization) in cycles 1 and 2 might indicate latent
reflux described by Jones et al. (2002).

The B-interval is not completely dolomitized unit but pervasively dolomitized unit due
to presence of calcite inclusions and micritic matrix. Same is also applied for the dolomite
mosaics having zoned dolomites (cycles 1 and 2) of C-interval. The overdolomitization in
Cdol’s (limpid rims on cloudy cores) is common in the B-interval indicating multiple episodes
of refluxing brines. Consequently, there is superimposition of geochemical trends in single
cycles (which can be seen in the C interval). This indicates that repeated lateral flow of
dolomitizing fluids in the B interval have obscured vertical trends and the only variations are

associated to type of dolomites.



(3) The U-Pb dating of sparry saddle dolomites found in veins and vugs of the Mesozoic
(Upper Triassic, Lower Jurassic and Early Cretaceous) carbonates of the Lattari mountains
(southern Apennines, Italy) has been conducted. Petrographically, the dolomite crystals are
very coarse (sometimes typical saddle dolomites), euhedral and granular anhedral, geodic,
having sweeping extinction and occupied irregular vugs and fractures and is usually followed
by poikilotopic calcite precipitation. The U-Pb data provided four main clusters of dates for
saddle dolomites: Late Jurassic (160 Ma), Albian-Cenomanian (100-90 Ma), Paleogene (>70,
~65, 50 and 35 Ma), and two clusters for calcite: Miocene (11.5 Ma and 10 Ma) and Pliocene
(4 Ma). Each age corresponds to well established extensional phases affecting the Apennine
Carbonate Platform on a regional scale: the formation of intraplatform restricted basins during
the Mesozoic and the pre-orogenic extension of the platform. The U-Pb data suggest that each
of these tectonic events promoted fluid flow, and related hydrothermal dolomitization.
Consequently, a proposed model implies the circulation of warm (hydrothermal) dolomitising

fluids through Mesozoic and Paleogene extensional faults in the Apenninic platform.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Dolomite is one of the two main minerals of carbonate rocks. Dolostones are more
abundant than limestones, especially in the Paleozoic, even though it is recognized that it is a
diagenetic rock. The dolomite has great economic significance as they are one of the largest
and most productive hydrocarbon reservoirs worldwide (Fig. 1.1; Zenger et al., 1980; Sun,
1995). The mineral dolomite and the process of dolomitization is very important diagenetic
process in carbonates because more than half of world carbonates are dolostones (Sun, 1995).

The dolomitization processes are one of the most debated topic of carbonate sedimentology.
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Figure 1.1. Sedimentary basins (blue circles) having production from dolomite reservoirs (Sun, 1995). The yellow
star shows the present study area dolomite (Lattari mountains, southern Apennines, Italy).

In the past it was referred to as the dolomite problem. There are two important aspects
about the genesis of dolomites: (1) dolomites were more abundant in the geological past but
uncommon in modern environments, and (2) dolomite is not precipitated in the laboratory
under near surface low temperature conditions where dolomite was usually found in nature
(Fairbridge, 1957; Machel, 2004). The present-day seawater is supersaturated with respect to
dolomite but there is rare formation and occurrence of dolomite in modern sedimentary

environments (Warren, 2000). The modern seawater has a Mg/Ca molar value of ~5.2, which



implies it should dolomitize limestone by replacement (i.e., dissolution-precipitation) (equation
1.1) and it is capable of primary precipitation (equation 1.2) of dolomite (Warren, 2000).
2CaCO; + Mg?" = CaMg(COs), + Ca** (1.1)
Ca?" + Mg?" + 2(COs*) = CaMg(COs), (1.2)

Recently Kim et al. (2023) presented mechanism and kinetics of dolomite formation.
Based on atomistic simulations, they concluded that repeated episodes of supersaturated and
undersaturated solutions can expedite growth of dolomite by up to seven orders of magnitude
(Kim et al., 2023). Initially dolomite precipitates a cation-disordered surface, which inhibits
growth of crystal. Later, undersaturation causes dissolution of these disordered surfaces,
thereby increases cation ordering upon reprecipitation (Kim et al., 2023). Furthermore, Kim et
al. (2023) supported their idea by stating that their mechanism explains the occurrence of
modern dolomite mainly in natural environments with fluctuations in pH and salinity. However,
Kim et al. (2023) findings have been critically evaluated by Pina et al. (2024) and Xu et al.
(2024). Pina et al. (2024) found that the newly grown material is crystalline but not an ordered
dolomite. According to Pina et al. (2024), Kim et al. (2023) provided circumstantial evidence
of dolomite (re)-crystallization at near ambient conditions, but further work is needed to
understand mechanisms and kinetics of dolomite formation. Xu et al. (2024) concluded that
dissolution-precipitation model of Kim et al. (2023) does not produce ordered dolomite in the
laboratory, and it cannot explain the abundance and variation of dolomite in geological
archives.

As a result of different seminal studies, now it is clear that dolomitization require some
conditions i.e., carbonate matrix, dolomitizing fluid(s) and a viable mechanism to transport
dolomitizing fluids through the host limestones (Morrow, 1982; Land, 1985). These conditions
can be established through several mechanisms during the diagenetic history; however, the
details of many of them are not clear. Most often, the debate about dolomite formation is
focused about the origin of Mg, and how it is flushed through the precursor limestones (Tucker
and Wright, 1990; Manche, 2021). On a local scale, dolomitized sediments can be the source
of magnesium i.e., Mg?* originally present in or adsorbed by Mg-calcites, biogenic silica, clay
minerals, chlorophyll, organic matter and or pre-existing detrital dolomites (Lyons et al., 1984;
Baker and Burns, 1985). It has been recognized that sea water is doubtlessly the most common
source of Mg, and there is certainly mechanism(s) to pump seawater through the carbonates,
which reduces kinetic barriers to dolomitization (Land, 1985). However, the conditions and
mechanisms causing kinetics of dolomitization are debated (Machel, 2004; Gregg et al., 2015;

Petrash et al., 2017 and references therein).



The abundance and occurrence of dolomite throughout the Phanerozoic has been
extensively studied and multiple models have been proposed to explain the formation of
dolomite e.g., evaporative, reflux, seawater and mixed marine-meteoric etc. Concerning one of
the most accepted mechanisms, the early reflux dolomitization; this model had been proposed
by Adams and Rhodes (1960) while studying the Permian Capitan Reef Complex (Permian
Basin, West Texas, USA). The bedded dolomites in the Permian Basin were formed by
replacement of limestones by hypersaline brines refluxing from evaporite lagoons (Adams and
Rhodes, 1960). The reflux dolomitization model has been proposed for different age dolomites
worldwide e.g., Anisian isolated carbonate platforms in Hungary (Haas et al., 2022); Jurassic-
Cretaceous Adriatic Platforms in Croatia (Read et al., 2016); Upper Cretaceous Simsima
Formation (Abu Dhabi, United Arab Emirates) (Morad et al., 2023); Miocene-Pliocene
carbonate platform of Bonaire Island (Laya et al., 2021); Holocene reflux dolomitization in the
Caicos Platform-Bahamas (Dravis and Wanless, 2018) and many others.

In the 1990°s numerical simulation (reactive transport modeling, RTM) of dolomitization
process was performed which considered fluids flow and rock-water interaction and
consequently yielded new insights about key controls on the rate and pattern of fluid flux and
the subsequent dolomitization (Wood, 1987; Whitaker et al., 2004 and references therein). The
RTM of reflux dolomitization demonstrated the spatio-temporal evolution of dolomitization
(Garcia-Fresca, 2009; Al-Helal et al., 2012; Whitaker et al., 2012; Gabellone and Whitaker,
2016; Gabellone et al., 2016; Lu and Cantrell, 2016).

There are some studies on outcrop-scale field test(s) of reflux dolomitization, e.g.,
Manche and Kaczmarek (2019) evaluated reflux dolomitization in the Cretaceous Upper Glen
Rose (UGR) Formation of Central Texas (USA) using an outcrop having a thickness of ca. 17.7
m and ~ 33 m lateral transect. Earlier, it was interpreted that UGR was dolomitized by reflux
dolomitization where evaporated marine fluids flowed downward from the top of each cycle
into the underlying limestones (Fullmer and Lucia, 2010). Garcia-Fresca and Jones (2011)
tested this reflux dolomitization process using RTM, which revealed that reflux dolomitization
was feasible in UGR, provided if evaporative fluids percolated downward through multiple
depositional cycles. Manche and Kaczmarek (2019) results are incompatible with reflux
through a single cycle (Fullmer and Lucia, 2010) and reflux through multiple cycles (Garcia-
Fresca and Jones, 2011). In this regard, studying outcrops remains a basic tool to explore the
theoretical understanding of the dolomitization process in general and reflux dolomitization in
particular, and to build predictive tools useful in conventional energy industry and energy

transition sectors (geothermal reservoirs, underground storage of carbon and hydrogen, etc).
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The Cretaceous dolomites of the Lattari mountains offer good opportunities for testing
reflux dolomitization due to multiple reasons i.e., good exposure, previous detailed studies, and
presence of early formation of dolomites. These Cretaceous carbonates successions are made
up of alternations of limestones and dolomites. The intensity of dolomitization varies across
the stratigraphy and is preserved as partially dolomitized limestones and completely
dolomitized unit(s). The dolomite distribution patterns provide the possibility to assess the
dolomitizing fluids flow during the process of dolomitization. The dolomite stoichiometry can
be used as a proxy record for fluctuations in the dolomitizing fluids composition due to
changing paleoenvironmental conditions through time (Lumsden and Chimahusky, 1980;
Manche and Kaczmarek, 2019) or hydrological flow (Kaczmarek and Sibley, 2011; Ren and
Jones, 2017). The present study has considered dolomite stoichiometry and degree of order
together with stable isotopes (5!°C and §'®0) to assess and interpret about the dolomitizing
fluids flux and consequently spatio-temporal variations in dolomitization. The present study
results are expected to further clarify the exact mechanism which formed the dolomites of
Monte Faito and analogous dolomites of the same age in the peri-Adriatic carbonate platforms

and provide useful constraints to assist future refinements of the reflux dolomitization model.

1.2 Rationale of the present study

The present research work considered assessing three research problems, given below.

e An experimental procedure has been tested for differential dissolution of calcite from
mix lithologies (e.g., calcareous dolomites, partially dolomitized limestone) to acquire
dolomite only for subsequent stable isotopes analysis.

e Detailed sampling to test vertical and lateral fluids movement during dolomitization

e Some late saddle dolomites were found, and their presence provided the possibility to
test the previous model of single episode late stage, fracture-related dolomitization.

Dolomites are usually associated with limestones because most often it is the product of
replacement of limestones. In a partially dolomitized limestone and calcareous dolomites, it is
likely that the stable isotope (especially 5'%0) response will be the combined effect of calcite
and dolomite. To study and evaluate the dolomitization process of partially dolomitized
limestone, the ideal scenario is to analyze stable isotopes of dolomite only. Therefore, it is
crucial to dissolve calcite and perform subsequent analyses on dolomites only. So, it was
planned to devise a mechanism to dissolve / remove calcite with some chemical treatments
taking into consideration that the chemical treatment(s) will not affect the stable isotopes (5'30)

response of dolomites.



One of the major target of present research work is to evaluate and test the reflux model
of dolomitization in the Early Cretaceous carbonates of southern Apennines (Italy). The present
project is based on Lower Cretaceous carbonates outcrops at Monte Faito in the Sorrento
Peninsula, Italy. At Monte Faito, a Valanginian to Albian succession of carbonates is perfectly
exposed along a 5 km long transect. The study area stratigraphy is comprised of three units i.e.,
A, B and C in chronological order (Fig. 1.2; Vinci et al., 2017). ‘A’ interval (middle Berriasian
— lower Hauterivian) consist of alternating limestones and dolostones. B interval (upper
Hauterivian — lower Barremian) is a completely dolomitized unit. C interval (upper Barremian

— lower Aptian) also consist of alternating limestones and dolostones (Vinci et al., 2017).

Figure 1.2. Google Earth image showing the stratigraphy of the study area (after Vinci et al. 2017).

C interval contain some distinctive stratabound dolostones i.e., at the top of the cycle is
dolomite then dolomitic limestone and limestone at the bottom (Vinci et al., 2017). From
available literature and outcrop observations, dolomitization trend in C-unit is visible, however,
there is no such trend in dolomitized B interval. The reflux model of dolomitization is proposed
for these dolostones (Vinci et al., 2017). The conceptual and numerical reflux dolomitization
model(s) illustrates the quantity of dolomite decreases down and basinward away from the
source of dolomitizing fluids (Whitaker et al. 2012; Gabellone et al., 2016). Considering the
trends of fluids flow in reflux dolomitization, it was expected to find (in both C- and B-
intervals) systematic variations in stoichiometry, degree of order and stable isotopes response
(especially 8'0). However, there is also a possibility that the fluids might have migrated from
bottom to top via capillary action (i.e., evaporative pumping dolomitization) and hence this
process also needs to be considered and evaluated. An experimental study by Hsii and
Siegenthaler (1969) proposed the mechanism for evaporative pumping model of

dolomitization. Later McKenzie et al. (1980) demonstrated evaporative pumping
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dolomitization in sabkha of Abu Dhabi (UAE). In addition, Carballo et al. (1987) suggested
Holocene dolomitization by tidal pumping in Sugarloaf Key (Florida, USA). However, detailed
case studies focused on evaporative/tidal pumping dolomitization model(s), especially
considering spatio-temporal trends of dolomite abundance, stoichiometry, degree of order and
stable isotopes response are not common in literature.

In southern Apennines, the Mesozoic carbonates have experienced multiple-style and
multi-stage dolomitizations at various stratigraphic levels (Iannace et al., 2011). The
hydrothermal dolomitization (exemplified by saddle dolomite and poikilotopic calcite) is
reported in the Mesozoic carbonates of southern Apennines (Iannace, 1991; lannace et al.,
2008; Galluccio, 2009). These late-stage hydrothermal dolomites are referred to as Neogene in
age (Iannace et al., 2008 and Galluccio, 2009), may be because they are associated with
Neogene faults. However, the Apennines Carbonate Platform has been affected by different
tectonic episodes from Mesozoic to Neogene (e.g., studies by Catalano and D’ Argenio, 1982;
Shiner et al., 2004; Iannace et al., 2005a, 2005b; Caiazzo et al., 2006; Casciello et al., 2006;
Tavani et al., 2013; Tannace et al., 2014; Tavani et al., 2023). There is a general agreement
among the researchers with respect to these tectonic episodes, however, the precise age(s) are
not well constrained. These tectonic events are preserved in the rock record, specifically in the
minerals (e.g., calcite, dolomite) precipitated in the deformational structures (i.e., fractures,
faults etc.), but obscured. Therefore, novel in situ U-Pb dating technique has been deployed to
date late diagenetic dolomites and calcite present in veins and vugs of the Mesozoic (Triassic,
Jurassic and Cretaceous) carbonates of the Monti Lattari (southern Apennines, Italy).

1.3 Previous work
1.3.1 Generalized geological studies on the study area

The study area has been studied by different researchers in the context of carbonate
sedimentology, sequence stratigraphy, dolomitization, diagenesis and structural geology
(Galluccio, 2009; Girundo, 2016; Iannace, 1991; Iannace et al., 2011, 2014; Giorgioni et al.,
2016; Tavani et al., 2013, 2016, 2023; Vinci et al., 2017; Corradetti et al., 2018; Massaro et al.,
2018; Vinci, 2018). In the last decade, some investigations were aimed at characterizing the
area as an analogue of the Basilicata reservoirs (Iannace et al., 2014; Giorgioni et al., 2016;
Vinci et al., 2017; Corradetti et al., 2018).

Galluccio (2009) worked on dolostones of Mesozoic (Early Jurassic to Early Cretaceous)
carbonates succession exposed along Sorrento Peninsula (southern Apennines, Italy). Girundo

(2016) studied the carbonates succession having alternations of limestone and dolostone in the



context of fracture analysis and relating texture of carbonates with their mechanical behaviour
and strength. Giorgioni et al. (2016) worked on dolomitization, fractures analysis and their
impact on petrophysical properties of the Cretaceous carbonates of the southern Apennines.
Tavani et al. (2016) worked out genesis of dolomite seams present in Jurassic — Cretaceous
carbonates of the Lattari mountains (southern Apennines, Italy). Vinci (2018) carried out study
on sequence stratigraphy and mechanical stratigraphy of Mesozoic carbonates of the Lattari
mountains. Corradetti et al. (2018) and Massaro et al. (2018) conducted joint and fracture
analysis on carbonate platform exposures along Sorrento Peninsula to better understand and
demonstrate the fluid flow in carbonate platforms.

Amodio and Weissert (2017) worked on cyclostratigraphy of Early Cretaceous
carbonates of the study area and concluded that the lagoonal succession stacking pattern(s) is
controlled by Milankovitch-type periodicity. Bravi and De Castro (1995) reported the
formation of very small intraplatform basins based on the rich fossil fish Lagerstatten. These
basins are demonstrated by Tavani et al. (2013) and lannace et al. (2014), who noticed breccias,
soft-sediment deformation and syn-sedimentary faults in the Albian rocks. The presence of
silica-replaced evaporites has also been reported in the Albian and Aptian parts of the

succession (Graziano and Raspini, 2015 and references therein).

1.3.2 Previous work on dolomitization of study area and reflux

dolomitization in general

The phenomena of dolomitization have been studied in detail in Mesozoic (Late Triassic
to Late Cretaceous) of shallow marine carbonate platforms exposed along Sorrento Peninsula
(Iannace, 1991; Galluccio, 2009; Iannace et al., 2011, 2014; Vinci et al., 2017). Middle Upper
Triassic (Norian) period is dominated by near-surface early dolomitization (Iannace, 1991;
Galluccio, 2009; Iannace et al., 2011). The Norian carbonates are completely dolomitized and
contains fabric preserving texture. The latest Triassic (Rhaetian) to Early-Middle Jurassic
successions contains late diagenetic dolomites, which are interpreted to be formed by thermal
convection (Galluccio, 2009; Iannace et al., 2011). The Rhaetian and Jurassic carbonates have
massive, coarse crystalline, fabric-destructive dolomites (Iannace et al., 2014).

The early-middle Cretaceous dolomites of Lattari mountains are early diagenetic and
represent near-surface reflux and evaporative pumping model of dolomitization (Galluccio,
2009; Iannace et al., 2011, 2014; Vinci et al., 2017). The Cretaceous carbonates are consisting
of meter-thick stratiform dolomites and shallowing upward-cycles of restricted platform

carbonates topped by evaporites (silicified) and marly horizons (Iannace et al., 2014). The



saddle dolomites (very late diagenetic) of hydrothermal origin (fluids inclusion temperature of
130°C) are also found in vugs, fractures and along faults within the Jurassic and Cretaceous
carbonates (Galluccio, 2009).

Vinci et al. (2017) studied dolomitization in the Early Cretaceous carbonates of Monte
Faito. The dolomitization was very early diagenetic and its intensity was modulated by
changing salinity of marine derived fluids because of climatic changes (Vinci et al., 2017).
Two groups of dolomites were identified i.e., (1) fine-medium crystalline dolomites (FMdol),
and (2) coarse crystalline dolomites (Cdol) (Vinci et al., 2017). The FMdol are precipitated
from concentrated brines in the early stage of reflux dolomitization, and the Cdol are
precipitated from less concentrated brines during the basin-ward latent reflux process (Vinci et
al., 2017). In Mesozoic (Jurassic-Cretaceous) dolomites of isolated Adriatic carbonate
platform, reflux dolomitization is also interpreted to be climate-controlled (Read et al., 2016).

In the Grand Cayman Island (6.8 km wide), the Miocene Cayman Formation (~140 m
thick) is incompletely dolomitized unit having dominance of dolomites in the peripheral part,
and limestone still exist in the interior of island (Ren and Jones, 2017). There is a spatial trend
of decreasing stoichiometry and stable isotopes (8'°C and §'*0) towards the interior of island
(Ren and Jones, 2017). These lateral variations in geochemical parameters (stoichiometry, §'°C
and 8'%0) show progressive adjustment of seawater by water-rock interactions along the
dolomitizing fluids flow passage from shelf edge to the center of island (Ren and Jones, 2017).

In the Trigonodus Dolomit unit of Middle Triassic Upper Muschelkalk (Switzerland),
vertical trends in stable (5'%0) and radiogenic (*’Sr/*®Sr) isotopes have been reported (Adams
et al., 2019). In 11 boreholes ~30 m thick unit displayed similar vertical trends with increasing
depth i.e., crystal size increase, dolomite texture change from anhedral to euhedral crystals,
5'%0 decrease from -1%o at the top to -6.7%o at the base, and *’Sr/%®Sr increase towards the base
(Adams et al., 2019). Considering water-rock interactions modeling, a single dolomitizing or
recrystallization fluids cannot produce the noticed isotopic trends (Adams et al., 2019). It can
be explained as a seepage-reflux dolomitization (at the top) by hypersaline brines into dense,
laterally advecting groundwaters (at the base) that have negative §'%0 and elevated ®’Sr/%¢Sr
values (Adams et al., 2019).

In the Cretaceous UGR (USA), it has been reported that dolomite abundance, crystal size,
stoichiometry and &'0 response varies with sea-level fluctuations i.e., transgression and
regression (Manche and Kaczmarek, 2019). The mass balance calculations and RTMs suggest
that Mg/Ca in downward refluxing brines will decrease during dolomitization (Jones and Xiao,

2005; Kaczmarek and Sibley, 2011). Considering this aspect, the dolomite stoichiometry and
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abundance should have decreased downward from the top of each cycle (Manche and
Kaczmarek, 2019). However, in UGR the dolomite stoichiometry decreases upward in the
lower, transgressive part of the cycle and increases in the upper, regressive part. Similarly,
absence of mineralogical and geochemical patterns in the lateral direction also suggest that
dolomitizing fluids did not evolve laterally. Therefore, the cyclical oscillations with no lateral
variations cannot exemplify the reflux dolomitization. Instead, Manche and Kaczmarek (2019)
interpreted dolomitization in the UGR to be syndepositional whereby each facies was

dolomitized prior to deposition of the overlying facies.



CHAPTER 2
GEOLOGICAL SETTING AND STRATIGRAPHY

2.1 Tectonic setting of the Southern Apennines

The Southern Apennines were produced during the Europe-Africa collision as a result of
Neogene deformation of the ancient Adriatic passive margin. Adriatic post-rift sedimentary
successions consist of carbonate platforms and pelagic basin that formed subsequent to rifting
that emerged during the Late Triassic to Early Jurassic, which was linked to the emergence of
multiple arms of the Neotethys Ocean (Robertson et al., 1991; Bosellini, 2004; Vlahovi'c et
al., 2005; Santantonio and Carminati, 2011). Several paleogeographic regions, including the
Latium-Abruzzi/Apennine carbonate platform, the Lagonegro and Umbro-Marchean pelagic
basins, and the Apulian carbonate platform, have been incorporated into the Apennines thrust
belt, where their sedimentary successions are well exposed (Fig. 2.1; Tavani et al., 2023). The
current study sampled areas are specifically located in the Lattari mountains in the southern
Apennines (i.e., Latium-Abruzzi/Apennine carbonate platform).

The Apennines are a northeast verging thrust belt consisting of a tectonic stack of nappes
including top to bottom (1) the Liguride Complex, (2) Apennine carbonate platform, (3)
Lagonegro Basin, and (4) Apulian carbonate platform (Menardi Noguera and Rea, 2000;
Tavani et al., 2021). This thrust pile has been deformed since the Miocene due to crustal
stretching and thinning that is connected to the formation of Tyrrhenian back-arc basin (e.g.,
Jolivet et al., 1998; Sartori et al., 2001).

The deformation (i.e., thrusting) has advanced eastward from the west (Menardi Noguera
and Rea, 2000; Tavani et al., 2021), initially involved sedimentary succession of the Tethys
Ocean and ophiolites slices (i.e., the Liguride Complex; Knott, 1987), and then sedimentary
successions (carbonate platforms and pelagic basins) of the Adria passive margin since the late
Oligocene. The tectonic style is characterized dominantly by thin-skinned deformation
according to some authors (Fig. 2.1; Casero et al., 1988; Scrocca et al., 2005; Tavani et al.,
2021); others (Mazzoli et al., 2000; Menardi Noguera and Rea, 2000) claims that thick skinned
tectonics has been active in the most recent time. The burial history of Apennine carbonate
platform has been established using thermal and thermochronological studies, which suggest a

maximum burial of 3 km during Miocene thrusting (Aldega et al., 2005; Mazzoli et al., 2008).
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2.2 Stratigraphy of the Apennine Carbonate Platform (ACP)

The Apennine Carbonate Platform (ACP) consists of Mesozoic and Cenozoic carbonates,
which were deposited in shallow marine tropical/sub-tropical waters in south-western margin
of the Neo-tethys Ocean (Fig. 2.2). The carbonate platform sedimentation was established over
large areas and took place from Late Triassic to the Late Cretaceous with minor interruptions.
There was long phase of sub-aerial exposure but in the Eocene neritic carbonate sedimentation
was locally re-established with limestones (forams-rich) and marls (characean) of the
Trentinara Formation (Selli, 1962). Again, during the Miocene there was deposition of
limestones (containing red algae and bryozoans) of the Roccadaspide, Cerchiara and Cusano
formations (Selli, 1962). In the Middle Miocene, the last phase of carbonate sedimentation was
finally ceased by drowning below the photic zone and followed by the deep-water siliciclastics

deposition (Lirer et al., 2005; Patacca and Scandone, 2007).
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Figure 2.1. Structural framework of southern Italy and regional cross-section (from Giorgioni et al., 2016, after
Vitale et al., 2012).

The oldest rocks (massive dolomites) of the ACP are exposed in the Picentini mountains
(Salerno) and known as ‘Dolomia massiva di base’ (Basal Massive Dolomite) Formation. This

Formation is overlain by Carnian ‘Calcari e Marne ad Avicula e Myophoria’ (Limestones and
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marls with Avicula and Myophoria) Formation. This unit is followed by Norian-Rhaetian
‘Dolomia Superiore’ (Upper Dolomite) Formation. The total thickness of Triassic units is

~1800-2000 m (Fig. 2.2; Parente et al., 2022 and references therein).
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Figure 2.2. Stratigraphy of the Apenninic carbonate platform units (Parente et al., 2022).

The Jurassic succession is mainly comprised of inner platform peritidal and lagoonal

facies. The Jurassic succession is divided into lower Jurassic ‘Calcari a Palaedasycladus’
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Formation (Palacodasycladus Limestones), the Middle Jurassic Calcari oolitico e oncolitici
Formation (Oolitic and oncolytic limestones), and the Middle-upper Jurassic ‘Calcari a
Cladocoropsis e Clypeina’ Formation (Cladocotopsis and Clypeina limestones). The total
thickness of Jurassic units is ~1300-1400 m (Fig. 2.2; Parente et al., 2022 and references
therein).

The Cretaceous platform carbonates are mainly comprised of two lithostratigraphic units
i.e., (1) Berriasian-Cenomanian ‘Calcari con Requienie e Gasteropodi’ Formation (Requienid
and Gastropod Limestones), and (2) Turonian-Campanian ‘Calcari a Radiolitidi’ Formation
(Radiolitid Limestones). The Requienid and Gastropod limestones are composed of inner
platform peritidal and lagoonal facies having different fossils associations e.g., calcareous
algae (mainly dasycladaleans), benthic foraminfera (including orbitolinids and alveolinids),
gastropods and bivalves (mainly requienid rudists). The total thickness of Cretaceous units is
~1000-1200 m (Fig.2.2; Parente et al., 2022 and references therein). At relatively higher
stratigraphic level within the Cretaceous, there is a meter-thick very distinctive level, known
as the ‘Orbitolina level’, which consist of marly limestones dominated by flat orbitolinid shells
(Mesoorbitolina parva and M. texana). The Orbitolina level is dated as Late Aptian (Gargasian)
using biostratigraphy and isotope stratigraphy (Di Lucia et al., 2012 and references therein). It
serves as a key level for the chronostratigraphic calibration of the biostratigraphic schemes of

the ACP (Parente et al., 2022).
2.3 Stratigraphy of the Monte Lattari and Monte Faito

The carbonates succession exposed at Monte Faito (the highest area of Monte Lattari
culminating at 1444 m at Monte Sant’ Angelo a Tre Pizzi) was part of the western sector of the
ACP. It 1s present as an ENE-WSW ridge (i.e., Lattari mountains of the Sorrento Peninsula;
Fig. 2.3). Stratigraphically, Lattari mountains are comprised of Late Triassic Dolomia
Superiore Formation to Late Cretaceous shallow water limestones and dolomites,
unconformably overlain by Miocene carbonates and siliciclastics of foredeep and wedge-top
(Fig. 2.3; De Castro, 1962; Robson, 1987; lannace, 1993; Carannante et al., 2000; Iannace et
al., 2011). The complete stratigraphic unit is locally covered by Quaternary pyroclastics (Fig.
2.3; Vinci et al., 2017). The current study sampled areas are in the Lattari mountains in the
southern Apennines (i.e., Apennine carbonate platform).

The stratigraphy of highest part of Monte Faito is comprised of early Cretaceous
Requienid and Gastropod limestones Formation (Fig. 2.3). Vinci et al. (2017) conducted a

detailed study focused on stratigraphy, facies and dolomitization of Lower Cretaceous platform
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carbonates of Monte Faito area. The Monte Faito sedimentary succession is comprised of
middle Berriasian to lower Aptian shallow water carbonates with a thickness of 466 m (Fig.
2.4; Vinci et al., 2017). Based on dolomitization intensity, the succession has been informally
subdivided into three intervals i.e., A, B and C in chronological order (Fig. 2.4; Vinci et al.,
2017). A is older and at lowest stratigraphic position and C is the uppermost relatively younger
unit and both contains alternating limestones and dolomites. B-interval is a completely

dolomitized unit (Vinci et al., 2017). The general features of these three units are described

briefly below.
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Figure 2.3. Geological map of the Sorrento Peninsula (modified after ISPRA, 2016). The studied sections are

marked by yellow stars.

2.3.1 A-interval (Middle Berriasian — Lower Hauterivian)

A-interval is dominated by limestones but gradually becomes dolomitized from middle
part to the top, where dolomite is more dominant. It has a total thickness of 203 m and the
average bed thickness is ~ 54 cm. The sedimentary facies architecture is dominated by single-
bed elementary cycles. The cycle generally starts with thin basal interval of peloidal intraclastic
packstone-grainstone (reworked transgressive lag deposit) followed by ostracodal mudstone-

wackestone (restricted lagoonal facies, occasionally with charophyte remains indicating more
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brackish conditions). The cycle top is usually occupied by thin reddened / brownish dolomitic
interval capped by wavy and or nodular surface, related to an emersion surface. This facies
association i.e., subtidal facies overlain by a subaerial exposure surface and lacking intertidal
facies, is interpreted as a diagenetic cycle (sensu Hardie et al., 1986) produced in an inner-
platform depositional setting (Vinci et al., 2017).

The dolomites are usually restricted to the upper parts of beds, making dolomite caps,
and diffusing downward into the limestones. In the mudstones, dolomite usually occurs as
scattered crystals (Vinci et al., 2017). At the top of elementary cycles, mm to cm-thick silicified
crusts are noticed, either related to dolomite caps or as a distinct layer at the top of limestone

strata. They are considered diagenetic replacement of former evaporites (Vinci et al., 2017).
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Figure 2.4. Stratigraphic column of the Lower Cretaceous shallow-water carbonates of Mt. Faito (Vinci et al.,
2017 and references therein).
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2.3.2 B-interval (Upper Hauterivian — Lower Barremian)

B-interval is a completely dolomitized unit and composed of alternations of yellow and
greyish dolomites strata and at some levels mm-scale thin marly interlayers are present. It has
a total thickness of 91 m and the average bed thickness is ~ 51 cm. Dolomites are stratabound
(i.e., laterally continuous and are both massive and thinly subdivided in cm-thick levels by bed-
parallel stylolites. Usually in a bed, coarse dolomites are present at the base and dark fine-
medium dolomites are present at the top making dolomite caps. The later dolomites are often
found in association with plane-parallel to wavy laminations of probably microbial origin,
fenestrae and sheet cracks. The carbonates deposition is suggested to occurred in intertidal to
supratidal environments due to the occurrence of microbial laminae and fenestrae in association
with sheet cracks (Vinci et al., 2017 and references therein). The coarse dolomites preserved
ghosts of precursor carbonate allochems, which may indicate a basal transgressive lag at the
base of a shallowing-upward peritidal cycle (Vinci et al., 2017).

2.3.3 C-interval (Upper Barremian — Lower Aptian)

C-interval is dominated by limestones with some alternations of dolomites. The intensity
of dolomitization is moderately high in the lower half, but it progressively reduces upwards. It
has a total thickness of 172 m and the average bed thickness is ~ 41 cm. C-interval is comprised
of shallowing-upward peritidal cycles. A cycle usually begins with a basal interval of thick
limestones (foraminiferal wackestone to packstone-grainstone or intrabioclastic floatstone-
rudstone; subtidal lagoon facies), grading upward into a laminated fine-medium dolomites
interval (tidal flat facies), which is capped by a slightly argillaceous brownish dolomite (formed
due to subaerial exposure). It is commonly noticed that the dolomitization intensity decreases
progressively from the bed top towards the base (Vinci et al., 2017). At some stratigraphic
levels, dolomites are concentrated in bed-parallel dolomite seams, due to pressure solution
(Tavani et al., 2016).

C-interval was further divided into 07 units i.e., C1, C2, C3, C4, C5, C6 and C7 (Girundo,
2016) which were instrumental for a mechanical stratigraphy study (Corradetti et al., 2018).
C1 and C2 are dominated by dolomites with some limestones/dolomitic limestones. The C3
and C4 cycles have a decrease in the presence of completely dolomitized units, even in the
presence of dolomite caps. The C5, C6 and C7 cycles are characterized by almost complete
absence of dolomites and dominated by limestones, which have greater thicknesses than the

lower cycles and contains more fossils (Girundo, 2016).
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The Cretaceous shallow water carbonates of Mt. Faito (being from different

paleogeographic domain i.e., Apennine Platform) are very similar in the context of lithology,

texture and facies to the contemporaneous Apulian Platform carbonates, which make up the

thick reservoir interval(s) of the Basilicata oil fields i.e., Val d’Agri and Tempa Rossa (Fig. 2.5;

Shiner et al., 2004; Bertello et al., 2010). The reservoir upper part is composed of Late

Cretaceous rudist limestones and the lower part is comprised of interlayered Barremian —

Cenomanian limestones and dolomites (Fig. 2.5; Bertello et al., 2010).
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Figure 2.5. Stratigraphic columns showing correlation of Aptian to Senonian stratigraphy of the Apennine and

Apulian carbonate platforms (lannace et al., 2014).
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CHAPTER 3
DOLOMITIZATION MODELS

Dolomites are almost exclusively replacement product(s) of a precursor carbonates. No
organism is known to precipitate a dolomitic shell and the formation of dolomite sediment is
unknown in any modern sedimentary environment. This is in agreement with the long-time
known fact that dolomite do not precipitate spontaneously in the laboratory at low temperature,
despite its supersaturation in marine fluids, because of kinetic problems. The role of microbes
in the precipitation of dolomite at low temperature has been long suspected and found great
support especially in the 1990°s, following the experiments of Vasconcelos et al. (1995), Burns
et al. (2000), Sanchez-Roman et al. (2008), Bontognali et al. (2014) and some findings in a
coastal lagoon in Brazil (Vasconcelos and McKenzie, 1997). However, also these evidences
have been recently questioned (Gregg et al., 2015).

As a consequence, the origin of dolomite rocks involves the understanding of a
replacement process, dolomitization, which usually involve three components:

(1) a calcareous matrix,

(2) a dolomitizing fluid

(3) a possible mechanism to transport dolomitizing fluids across the host rock (Fig. 3.1;

Morrow, 1982)
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Figure 3.1. Essential elements for any dolomitization model. (1) Mg supply, (2) Delivery mechanism (fluid flow),
and (3) favourable chemical conditions for dolomite precipitation (dolomite construction site) (modified after
Morrow, 1982).

There is still disagreement in all dolomitization models about the source of Mg** and
the mechanism through which dolomitizing fluids are pumped through the carbonate sediments
(Tucker and Wright, 1990; Manche, 2021). Different models of dolomitization have been
proposed demonstrating that the replacement process may occur in many different depositional
and diagenetic settings and in any moment from the early to late and post diagenetic history of
a carbonate succession (Fig. 3.2). The most accepted models of dolomitization, and their

characteristics (sedimentology/petrography and geochemistry) with respective examples are
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given in Table 3.1. Early diagenetic dolomitization models include evaporation (sabkha and
coorong-type) and seepage-reflux; mixed marine-meteoric dolomitization, proposed in the
1970’s (Badiozamani, 1973; Land, 1985) has been progressively found unsuitable. Late
diagenetic process includes tectonic squeezed burial (Dong et al., 2017) and fault related
hydrothermal dolomitization (Machel and Lonnee, 2002). However, fault related
dolomitization can be also a relatively early diagenetic process (Hollis et al., 2017; Rustichelli
et al., 2017).

In the following section, the main models of early dolomitization, and the fracture
related, hydrothermal dolomitization have been described because they are more relevant to
the present research. The models have been referred to as conceptual models in contrast to
some numerical models which have been developed in the last 20 years, which are reviewed in

the next section.

3.1Conceptual models of dolomitization

3.1.1 Evaporative dolomitization

Sabkha dolomitization

According to McKenzie et al. (1980), hydrological model causing sabkha dolomitization
consists of three steps i.e. flood recharge, capillary-evaporation and evaporative pumping (Fig.
3.2A). Initially, recharge takes place but intense heat over the sabkha regime led to evaporation
from capillary-zone above the water table. Consequently, groundwater ascends into the
capillary zone (evaporative pumping) until the water table falls below a level where capillary
evaporation is not active (McKenzie et al., 1980). The areas of capillary evaporation and
evaporative pumping and where there is seasonal or scarce recharge are important sites for
dolomitization (McKenzie et al., 1980). The sabkha dolomitization model is somewhat similar
to reflux model in terms of hydrology and geochemistry but still there are some differences
between them (Machel, 2005).

In sabkha, dolomitization is restricted to upper 1-2 meters of sediments and is more
intense in areas where pore waters become chemically reducing causing enhanced carbonate
alkalinity through sulphate reduction and or microbial methanogenesis. This is how sabkha
dolomitization is linked to microbial / organogenic dolomitization (McKenzie et al., 1980).
That is why sabkha dolomites are texturally and geochemically somewhat like microbial /

organogenic dolomites (McKenzie et al., 1980).
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Figure 3.2. Dolomitization models illustrating various mechanisms for moving dolomitizing fluids through the
sediments (modified after Land, 1985 and Tucker and Wright, 1990). The dolomite geobodies are shown by yellow
hatched areas.

The sabkha dolomites are commonly associated with evaporites (gypsum and anhydrite)
(Table 3.1; Morrow, 1982). Sabkha style dolomitization demonstrates shallowing upward
cycles i.e., shallow marine or lagoonal limestone overlain by dolomitized intertidal algal mats
which is, in turn, overlain by dolomitized supratidal sediments containing sulphates (McKenzie
et al., 1980).

Coorong-type dolomitization

The penecontemporaneous dolomites are usually considered that of sabkha where arid
climatic conditions prevail, for example, Abu Dhabi (UAE) sabkha. However,
penecontemporaneous dolomites can also be formed in relatively humid climatic conditions
such as ephemeral (alkaline) lakes of the Coorong region in southern Australia (Table 3.1; Fig.
3.2B; Muir et al., 1980). Coorong is seasonally relatively humid climatic realm and dolomites
formed in this region are called as Coorong-type dolomites (Muir et al., 1980). In Coorong
system, carbonates distribution is mainly controlled by depositional setting(s) hydrology (Muir
et al., 1980).

The Coorong dolomites can be differentiated from arid sabkha dolomites using whole
suite of sedimentary structures (desiccation features such as mud / polygonal cracks, tepee
structures, breccias and stromatolites), lack of evaporites and their pseudomorphs / casts (Muir

et al., 1980). Lack of evaporites does not mean that hypersaline conditions never prevailed,
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however, they existed and precipitated some little amount of evaporites during dry summer

season but are flushed-out by reflux-mechanism during winter (Muir et al., 1980).

Table 3.1. Different dolomitization models sedimentological and geochemical attributes with respective examples.
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3.1.2 Seepage-reflux dolomitization

The seepage-reflux model of dolomitization was proposed by Adams and Rhodes (1960).

The model is postulated while studying lagoonal and reefal carbonates associated with platform
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evaporites (Permian Capitan Reef Complex) of Permian Basin of West Texas, USA. The
conceptual model of reflux dolomitization assumes that during sedimentation marine waters in
shallow water lagoon become denser because of evaporation and start to percolate through the
underlying beds (Table 3.1; Figs. 3.2 and 3.3; Adams and Rhodes, 1960). The carbonate
platform experiences flooding due to sea level rise. The salinity increases from platform edge
towards the shoreline. Under such circumstances, carbonate platforms are penetrated by
mesohaline active reflux for depths in hundreds of meters. Later, the recharge for active reflux
is cut-off but still at greater depths there is reflux dolomitization considered to be caused by

latent reflux (Jones et al., 2002).

Dense evaporated Open marine
marine water

Figure 3.3. Reflux model of dolomitization (from Al-Awadi et al., 2009 who cited Allan and Wiggins, 1993).

It has been documented that reflux dolomitization can possibly pervasively dolomitize
entire carbonate platforms under favourable conditions only. It is because the degree of
dolomitization varies intensely with the amount and duration of evaporation and flooding, and
with the sub-surface permeability distribution (Machel, 2004).

According to Fullmer and Lucia (2010), the peritidal carbonates of Lower Cretaceous
(early Albian) Upper Glen Rose (UGR) Formation (central Texas, USA) were dolomitized by
downward refluxing brines. Recently, Manche and Kaczmarek (2019) evaluated reflux
dolomitization in the UGR (Fig. 3.4).

The UGR consists of high frequency cycles of variably dolomitized limestones
demonstrating periodic deepening and shallowing in a peritidal setting. The dolomites of UGR
are fine crystalline to mimetic, non-stoichiometric, moderately ordered and lacks
compositional zoning (Manche and Kaczmarek, 2019). It has been demonstrated that
transgressive and regressive facies have distinctive trends of dolomite crystal sizes, dolomite
abundance, dolomite stoichiometry and §'®0 (Fig. 3.4; Manche and Kaczmarek, 2019).

Transgressive facies have upward trend of increasing dolomite crystal sizes and decreasing
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dolomite percent, stoichiometry and §'%0 (Fig. 3.4; Manche and Kaczmarek, 2019). On the
contrary, regressive facies have upward trend of decreasing dolomite crystal sizes and
increasing dolomite percent, stoichiometry and §'30 (for samples with >60% dolomite) (Fig.
3.4; Manche and Kaczmarek, 2019). Such variations in mineralogical, textural and
geochemical parameters are noticed temporally with no variations laterally (spatially) (Manche
and Kaczmarek, 2019). A syn-depositional dolomitization model is interpreted for UGR instead
of reflux dolomitization. It is concluded that each depositional facies was dolomitized

preceding the deposition of overlying facies (Manche and Kaczmarek, 2019).
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Figure 3.4. Composite section (~17.7 m vertically), showing (A) lithofacies, (B) high-frequency cycles (HFCs),
(C) water depth, (D) dolomite stoichiometry, (E) dolomite abundance, (F) cation ordering, (G) 8'®Oveps (%), and
(H) average dolomite crystal size. Red dashed line represents top of each HFC. From Manche and Kaczmarek
(2019).

The Miocene-Pliocene Seru Grandi outcrop in the Bonaire Island has well-developed
tongues of dolomites that are distributed along the clinoforms underneath a sub-horizontal
erosional unconformity, which is overlain by Pleistocene limestones (Fig. 3.5; Laya et al.,
2021). The dolomites are non-stoichiometric, low 8'30 enrichment and low trace elements
concentrations. Each clinoform has a distinctive dolomite stoichiometry. There are no lateral
trends in the dolomite stoichiometry within individual clinoform(s). The differences in
stoichiometry among the clinoform(s) is consistent with temporal variations in the chemistry
of seawater derived dolomitizing fluids. It suggests that dolomitizing fluids did not evolve

laterally downdip within clinoforms. The fluids might have been fluxed along the sigmoidal
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pattern of clinoforms, which might acted as a permeable path. However, there is no explicit
evidence to interpret fluids pathways (Laya et al., 2021). It is interpreted that each clinoform
is dolomitized by an episode of refluxing mesohaline brines soon after the deposition of
clinoform. The dolomitizing fluids fluxed downdip along the clinoform(s) through a succession

of subtidal carbonates and dolomitized them (Laya et al., 2021).
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Figure 3.5. Seru Grandi reflux dolomitization model. Red shadow represents dolomite concentration within the
clinoforms. A) Basinward shedding of reworked red algal facies during the formation of clinoform C; B) A pulse
of refluxing mesohaline fluid dolomitizing clinoform C and partially clinoform D, prior to, or, as shown, before
deposition of clinoform B; C) Additional progradation, with deposition of clinoform B at low sea level with no
evidence of reflux, followed by deposition of clinoform A. D) Dolomitization of clinoform A via reflux across a
wider area. E) Present day outcrop with dolomite distribution and clinoform architecture, and the erosional
unconformity that separates the clinoform units from the overlying flat-topped platform. From Laya et al. (2021).

In the Caicos Platform (Bahamas), Holocene reflux dolomitization occurred beneath an
evaporitic coastal salina (Fig. 3.6; Dravis and Wanless, 2018). In the Holocene sequence,
evaporites (i.e., gypsum) is present at a higher stratigraphic level and dolomite is noticed at

lower stratigraphic level. The dolomites are finely crystalline, Ca-rich protodolomites and
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poorly ordered. It is interpreted that gypsum precipitation produced Mg-rich brines. There is a
downward increase of replacement dolomitization with most intensity at the contact with
calcrete (a diagenetic layer). The calcrete inhibited further downward movement of the fluids.
Below the calcrete, the Pleistocene limestones have no dolomitization (neither replacement nor
cements). These observations implies that the calcrete served as an effective permeability
barrier (aquitard), which forced downward refluxing dolomitizing fluids to initially pond at the
lower most part of Holocene sequence and then move seaward and caused reflux dolomitization

(Dravis and Wanless, 2018).
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Figure 3.6. Lithostratigraphic cross section of the Holocene sequence beneath Company Point Salina (Bahamas).
Coring/drilling locations are numbered. From Dravis and Wanless (2018).

3.1.3 Hydrothermal dolomitization

The hydrothermal dolomitization occurs usually at shallow depths under burial
conditions by very saline fluids having higher temperature and pressure than the ambient
temperature and pressure of the host formation (commonly limestone) (Davies and Smith,
2006). The hydrothermal dolomitization display a strong structural control by extensional and
or strike-slip tectonics, with fluids flow usually centred at transtensional and dilational
structural sites and in the hanging wall of the fault(s) (Fig. 3.7; Davies and Smith, 2006).

According to Boni et al. (2000), hydrothermal dolomitization occur in circulation cells,
which are driven by heat flow. The fluids are originated in the underlying rocks and circulate
upward to affect the overlying rocks (Boni et al., 2000). The assessment of genesis of

hydrothermal dolomites includes integration of different datasets e.g., burial (thermal) history
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of sedimentary succession, microthermometry, and constraints on emplacement time (Davies

and Smith, 2006).
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Figure 3.7. Fault related hydrothermal dolomitization. The three hydrothermal minerals associations/deposits are
represented: SEDEX Pb-Zn, MVT Pb-Zn and hydrothermal dolomite reservoir facies. The common relationship
is focused flow along faults in an extensional (transtentional?) to early compressional tectonic setting (Davies and
Smith, 2006).

The hydrothermal dolomites are part of hydrothermal mineral deposits, which also
include Mississippi Valley-type (MVT) sulfide deposits and sedimentary-exhalative (SEDEX)
lead-zinc ore bodies (Fig. 3.7; Davies and Smith, 2006). The fault-driven hydrothermal
dolomitization has been explored in the context of control on petrophysical properties of
subsurface hydrocarbons carbonate reservoirs (Davies and Smith, 2006; Sharp et al., 2010;
Mozafari et al., 2019). They are reported as proven or potential hydrocarbon reservoirs (Fig.
3.7; Davies and Smith, 2006). The hydrothermal dolomites reservoirs facies have been
identified in the world’s largest oil (Ghawar, Saudi Arabia) and gas (North Field, Arabian Gulf)
fields hosted within the Permian-Triassic and Jurassic-Cretaceous succession of the Arabian
Gulf (Davies and Smith, 2006).

The hydrothermal dolomites are generally emplaced under elevated pore fluids pressure
and shear stress conditions (Davies and Smith, 2006 and references cited therein).
Consequently, the characteristic features of hydrothermal dolomites include breccias
(hydrobreccias), zebra fabrics and shear microfractures, specifically proximal to faults (Davies
and Smith, 2006). Under the microscope, the hydrothermal (saddle) dolomites are usually
coarse-very coarse crystalline, have a characteristic crystal habit (i.e., curved crystal

boundaries) and sweeping extinction (Gregg and Sibley, 1984). Geochemically, the
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hydrothermal dolomites are commonly depleted in §'*0 and enriched in ¥’Sr/%®Sr relative to
strontium isotopic composition of seawater of the contemporaneous age. The enrichment in
radiogenic strontium isotope (’Sr) in hydrothermal dolomites is usually caused by two
mechanisms i.e., interaction of dolomitizing fluids with siliciclastic sediments consisting of
argillaceous and or feldspathic minerals and or with basement rocks (Davies and Smith, 2006
and references cited therein). However, recently it has been noticed in the Norian dolomites of
Matese Massif (southern Apennines, Italy) that the saddle dolomites are depleted in %’Sr/*®Sr
relative to the host rock and Norian seawater 8’Sr/*®Sr values (Diamanti et al., in progress). It
has been proposed that the hydrothermal dolomitizing fluids interacted with magmatic
fluids/rocks (e.g., basaltic rocks) (Diamanti et al., in progress).

Some Mesozoic (Triassic, Jurassic and Cretaceous) carbonates in the Alps have been
affected by hydrothermal dolomitization (Barale et al., 2013; 2016, 2021a, 2021b). In the
Jurassic carbonates, hydrothermal dolomites have been noticed, which are suggested to be
formed during the Cretaceous, due to hot (>200°C) dolomitizing fluids circulations along faults
and fractures (Barale et al., 2013). This hydrothermal dolomitization recorded a Cretaceous
faulting in the Maritime Alps segment of the European Tethyan passive margin (Barale et al.,
2013). In the Maritime Alps (NW Italy-SE France), hydrothermal dolomitization is reported
to be associated with hydrofracturing events, which is caused by expulsion of overpressured
hot (170 to 260°C), highly saline, §'%0-enriched dolomitizing fluids, most probably along
faults and fractures (Barale et al., 2016). The dolomitization occurred during earlier Cretaceous
at shallow depth (i.e., <500 m) and hence the high temperature fluids indirectly indicate
hydrothermal dolomitizing fluids circulation related to deep-rooted faults (Barale et al., 2016).

It is usually assumed that hydrothermal and or high-temperature fluids are required for
fault related dolomitization, however, fault and fracture related, low temperature dolomites are
also noticed in nature (Hollis et al., 2017; Rustichelli et al., 2017). In the Hammam Faraun
Fault (HFF) Block (Suez Rift, Egypt), both massive and stratabound dolostones are reported in
a Cenozoic succession (Fig. 3.8; Hollis et al., 2017). At the initial stages of rifting, dolomitizing
fluids flux is largely controlled by geothermal convection, resulted in mimetic stratabound
dolomites in discrete beds (Fig. 3.8A). At the climax of rifting, intense structural deformation
caused repeated, transitory pulses of dolomitizing fluids within the fault damage zone (Fig.
3.8B). Consequently, brecciated, non-mimetic massive (non-stratabound) dolomite geobodies
are formed (Fig. 3.8B). It is important to mention that some characteristic textural attributes
(i.e., saddle dolomites, zebra dolomite and hydrobreccia) of hydrothermal dolomites are not

noticed in HFF block (Hollis et al., 2017). These common features of hydrothermal dolomites
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probably form when fluids pressure is higher and cooling is more rapid during fault reactivation
under transpression, however, the HFF block has undergone a short and simple history of burial

and exhumation (Hollis et al., 2017).
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Figure 3.8. Schematic model showing the fluids circulation and fault-related dolomitization in response to
progressive rifting and development of faults. (A) Rift initiation: cool seawater is migrated downward along open
faults on proto-footwall, heated and convected in the Nubian Sandstone. The buoyant, hot fluids circulated up
proto-HFF into lower Thebes Foramtion and reacted to form stratabound dolomites, and (B) Rift climax:
Deformation is relocated to HFF and breached the surface. Cold seawater is migrated into convection cells along

faults, and hot, rising fluids formed the massive dolomites in the damage zone. From Hollis et al. (2017).

In Gargano Promontory (Apulian foreland of the Apennine thrust belt), fault and fracture
related, low temperature (<50°C) dolomites are noticed, which are characterized by normal to
strike-slip kinematics (Rustichelli et al., 2017). These dolomites are at the scale of meters to
kilometers and are formed at burial depths of <500 m (Rustichelli et al., 2017). It is anticipated
that the Early Cretaceous seawater migrated downward and then flowed upward, along faults
and fractures, and has experienced variations in its isotopic composition due to interactions
with Triassic and Jurassic strata underlying the studied dolomitized rocks (Rustichelli et al.,
2017).

The hydrothermal dolomites serve as a mean of direct dating of active faulting and
hydrothermal fluids flow in the basin (Davies and Smith, 2006). Recently, some researchers
conducted U-Pb dating of hydrothermal dolomites in Alps and southern Apennines (Barale et
al., 2021a, 2021b; Diamanti et al., in progress). Within the syn-rift sediments, the U-Pb dating

of dolomitized clasts indicate that the hydrothermal dolomitizing fluids circulated through
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sediments from the Late Triassic to Toarcian, corresponding to the entire syn-rift evolution of
the western part of the Adriatic palacomargin (Barale et al., 2021b). Similarly, in the Matese
Massif (southern Apennines, Italy) U-Pb dating of saddle dolomites revealed Late Triassic
fault-driven hydrothermal dolomitization (Diamanti et al., in progress).

3.2 Numerical simulation (digital models) of dolomitization

The study of outcrop analogues is a way to understand distribution and connectivity of
dolomite geobodies (Machel, 2004 and references therein). The study and assessment of the
conceptual model of dolomitization usually considers integration of outcrop (field),
petrography and geochemical analysis. The source of dolomitizing fluids and mechanisms of
dolomitization are usually interpreted using petrography, stable and radiogenic isotopes (C, O,
Sr), and major and trace elements geochemistry. But there is substantial uncertainty in field
scale prediction and spatial-temporal variations of dolomitization (Xiao and Jones, 2007; Lu
and Cantrell, 2016).

To better understand the process of dolomitization, different conceptual models of
dolomitization are reproduced digitally using reactive transport modeling (RTM) (Jones et al.,
2002, 2003; Garcia-Fresca, 2009; Whitaker and Xiao, 2010; Al-Helal et al., 2012; Whitaker et
al., 2004; 2012; Gabellone and Whitaker, 2016; Gabellone et al., 2016; Lu and Cantrell, 2016;
Yappaarova et al., 2017). The present study is mainly focused on reflux dolomitization, so
digital modeling aspects of reflux dolomitization are discussed only. In dolomitized carbonates,
the contact between limestone and dolomite is generally at the scale of several meters to tens
of meters, which is intractable to demarcate in the subsurface without sufficient seismic and or
wireline logging data (Zhang et al., 2021). So, RTM, which deploys combination of basic
hydrodynamic (numerical model) and geochemical processes (i.e., geochemical parameters),
is used to simulate spatio-temporal variations of dolomitization at the basin and geological time
scales (Zhang et al., 2021 and references therein).

Field evidence and digital models are used to study fluids flux and dolomitization, e.g.,
2D reactive transport modeling of Arab-D reservoir (Ghawar Field, Saudi Arabia) attests the
predicted patterns of dolomite geobodies. The RTM result corresponds to both the noticed
vertical and lateral distribution of dolomites (Lu and Cantrell, 2016).

The conceptual and numerical reflux dolomitization model(s) illustrates the quantity of
dolomite decreases down and basinward away from the source of dolomitizing fluids (Fig. 3.9;
Whitaker et al., 2012; Gabellone et al., 2016). In the reflux dolomitization, the fluids seepage

can be shallow, actively linked to the source of dolomitizing fluids and or deep, inactive not

29



linked to the primary source of dolomitizing fluids but secondary source. The former one is
called as active reflux and the latter one is called as latent reflux (Jones et al., 2002). In the
latter case, brine-producing conditions stop, but brines continue to sink through the carbonate
platform, entraining seawater (Jones et al., 2002). The circulation of latent reflux can deliver
considerable dissolved reactants to platform carbonates (even Mg?* for dolomitization) (Jones
et al., 2002). The integrated interplay of active and latent refluxes can completely and or
partially dolomitizes thick carbonate platforms (Jones et al., 2002). According to Jones et al.
(2003, 2004), complete dolomitization requires very high permeability in carbonate platform(s)
/ precursor limestones, lack of effective aquitard (evaporites and shale) and relatively longer
time duration for refluxion. The RTM demonstrated that platform-wide reflux circulation
cannot pervasively dolomitize carbonate platform (e.g., epeiric scale ramp), which is
commonly invoked (Gabellone et al., 2016). Instead, dolomitization of such carbonate systems
requires local-scale fluid flow system such as topographically influenced variations in
restriction of platform-top seawater circulation (Gabellone et al., 2016). Dolomitization of
regional-scale carbonate platforms occurs due to overprinting and amalgamation of successive
reflux events (Fig. 3.9; Gabellone et al., 2016; Lu and Cantrell, 2016). However, Saller and
Handerson (1998, 2001) hypothesized a single reflux dolomitization event for platform

dolomites of the Permian of West Texas.
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Figure 3.9. Dolomite distribution in a conceptual model to the left (Gabellone et al. 2016) and a numerical model

to the right (Whitaker et al. 2012).

The RTMs demonstrate different aspects of overall diagenetic evolution and
dolomitization of the carbonates. The main findings of RTM studies are given below.

e Dolomite grows at the expense of calcite (i.e., mole per mole calcite to dolomite replacement
is the dominant process) (Lu and Cantrell, 2016). There is a reaction network between the
reaction rates of calcite dissolution and dolomite precipitation (Lu and Cantrell, 2016).

e RTMs demonstrate the dolomitizing fluid flow pathways and patterns through the
carbonates and the spatio-temporal distribution and variation of porosity-permeability and

dolomitization (Al-Helal et al., 2012; Zhang et al., 2021).
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e First more reactive fine-grained sediments (i.e., mudstone) are dolomitized and as flow
declines so reactions are focused in less reactive more permeable (coarse grained grainstone
and packstone) carbonates (Al-Helal et al., 2012). The greater fluid flux takes place in higher
porosity sediments i.e., mudstones (Zhang et al., 2021). However, thicker successions of
fine-grained sediments dolomitize more slowly, constrained by magnesium supply rate
(Gabellone et al., 2016).

e RTMs demonstrate the mechanisms of partial and complete dolomitization (Al-Helal et al.,
2012). For example, pervasive (complete) dolomitization can occur immediately below the
brine pool (source of dolomitizing fluids) where fluid flow is vertical to bedding and is more
rapid at high brine fluxes (Gabellone et al., 2016).

¢ Sediment permeability and reactive surface area are key intrinsic controls on diagenesis (Al-
Helal et al., 2012). It has been documented that high permeability promotes dolomitization
in the earlier stages only (Zhang et al., 2021). Intense dolomitization takes place in low
permeability sediments (i.e., mudstones) because of longer fluid stagnation time (Zhang et
al., 2021 and references therein). Bedding-parallel flow (stratigraphically controlled
permeability) usually occurs in relatively permeable coarse-grained beds (Gabellone et al.,
2016).

e Dolomites are usually genetically associated with evaporites, however, a numerical model
by Garcia-Fresca (2009) illustrates that dolomites are concentrated in upper part of the
succession without evaporites (anhydrite). Such decoupling of dolomites and evaporites

precipitation is also reported in southern Apennines by Vinci et al. (2017).
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CHAPTER 4

Materials and methods

4.1 Geological fieldwork and samples collection

The present study sampling strategy is focused on collecting samples of replacive
dolomites of Cretaceous age carbonates, and collection of samples from Triassic, Jurassic and
Cretaceous carbonates having late-diagenetic dolomites and calcite in veins and vugs.

Extensive geological fieldworks have been conducted in Monte Faito area of Monte
Lattari (southern Apennines, Italy). Different softwares (i.e., Google Earth, Google Maps,
GeoVIS3D) and available data are used to select different sections for sampling. Total of seven
sites (04 from C-interval and 03 from B-interval) have been studied along three main outcrop
sections i.e., Faito, Moiano and Santa Maria Del’Castello (herein used as Castello only). The
available stratigraphic logs of Castello and Moiano by Girundo (2016) and Vinci et al. (2017)
are used. The stratigraphic log of B-interval at Castello Section is slightly modified, and
logging of Faito Road Section is done in the present study (Figs. 4.1 and 4.2). In the C-interval,
samples are collected from C2 (Faito-C, Moiano-C, Castello-C sections) and C4 (Moiano-C4)
units. The studied sites of B-interval include Faito-B, Moiano-B and Castello-B. The studied
sites are shown in Figure 4.3.

Considering the trend of movement of dolomitizing fluids in reflux dolomitization i.e,
from top of the cycle downward and basinward, the present study sampling strategy is devised.
Samples are collected on cm-scale from different sites of B and C intervals in lateral and
vertical directions to test the reflux model of dolomitization in these Lower Cretaceous
dolostones in Monte Faito, southern Apennines. For the replacive dolomites, very high-
resolution sampling (especially powder samples) has been done using portable driller on the
field directly (Fig. 4.3). Total of 192 powder samples are collected from C- and B-intervals
respectively (Table 4.1). 116 samples are collected from C-interval (Faito-C 29, Moiano-C 21,
Castello-C 32 and Moiano-C4 34) and 76 samples are collected from B-interval (Faito-B 26,
Moiano-B 26 and Castello-B 24). Total of 67 rock samples (35 from C-interval and 32 from
B-interval) are collected for thin section preparation and petrographic studies (Table 4.1).

Furthermore, the rock samples having veins and cements of sparry dolomites and calcite
are collected from Triassic (FS 1058 and FS 1059 samples from Maiori), Jurassic (AT11 from
Atrani and N14 from Nocelle) and Cretaceous (KA-1, KA-2, KA-3 and KA-4 Castello-B)
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stratigraphic intervals (Fig. 4.4). In this connection, already available samples/thin sections in
the repository of Sedimentary Geology Research Group of Department of Earth,
Environmental and Resources Sciences (DiSTAR), University of Naples Federico II (UNINA),
Naples, Italy are also consulted, restudied, and photographed. The Upper Triassic (N = 2 from
Cetara area) samples belong to lannace (1991), and Early Jurassic (N = 15 from Atrani beach,
Marina di Praia, Nocelle and Positano beach) — Early Cretaceous (N = 4 from Monte Faito)
samples belong to Galluccio (2009) (Fig. 4.4).
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Figure 4.1. Stratigraphic column of the Faito Section. Faito-C and Faito-B sites are demarcated.
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Table 4.1. Details about the studied outcrop sections and different samples collected and analyzed.

Stratigraphic | Outcrop | Latitude | Longitude | Thicknesses | Powder | Rock Polished | Thin
intervals sections (cm / m) samples | samples | slabs sections
Faito-C 40° 39' 14° 27 191 cm/ 29 12 0 25
4458" N | 59.48"E 191m
Moiano- | 40° 39" | 14° 281155 cm /|21 6 6 13
C-interval C 27.23"N | 12.89"E 1.55m
Castello- | 40° 39' | 14° 28' 1210 cm /| 32 10 0 27
C 27.23"N | 12.89"E 2.10 m
Moiano 40° 39| 14° 28' 1225 cm /|34 7 7 21
C4 25.26"N | 17.91"E 2.25m
Faito-B 40° 39" | 14° 27| 277 cm [ | 26 13 0 14
39.40"N | 53.90"E 2.77m
B-interval Moiano- | 40° 39" | 14° 28' 1425 cm /|26 10 9 20
B 27.72"N | 21.37"E 4.25m
Castello- | 40° 38' | 14° 29'| 246 cm /|24 09 0 22
B 50.74"N | 9.67"E 2.246 m
C-interval | 116 35 13 86
B-interval | 76 32 09 56
Total | 192 67 21 142
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Figure 4.2. Stratigraphic column of the B-interval, Castello Section (modified after Girundo, 2016). The red box

(highlighted in yellow) in third column is the present studied level named as Castello-B.
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Figure 4.3. 3D model of the study area showing the location(s) of studied sections/sites. In the upper right corner,

the geological map of Sorrento Peninsula is after ISPRA 2016.
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Figure 4.4. Google earth image of the Sorrento Peninsula with marked locations of Mesozoic (Triassic, Jurassic

and Cretaceous) carbonates. The saddle dolomites are studied and dated from these locations. Cetara samples

from lannace (1991) and other samples except Maiori, Atrani and Santa Maria Del’Castello from Galluccio

(2009). The area of 3D model shown in Fig. 4.3 is marked by white outlined polygon.
4.2 Laboratory work

Initially polished rock slabs for some samples are produced for preliminary investigations

(Table 4.1). Thin sections are prepared using ordinary method(s) at the thin section preparation
laboratory of DISTAR (UNINA). Total of 142 thin sections are prepared and studied for both
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C- (N = 86: Faito-C 25, Moiano-C 13, Castello-C 27, and Moiano-C4 21) and B- (N = 56:
Faito-B 14, Moiano-B 20, and Castello-B 22) intervals. All the diagrammatic illustrations,
which are part of this dissertation, are produced/annotated/modified using Inkscape software.

4.2.1 Microscopic studies

Petrographic, scanning electron microscopy (SEM), electron microprobe analysis
(EPMA) and cathodoluminescence (CL) investigations are conducted in the present research.

4.2.1.1 Polarizing / petrographic microscopy

Detailed petrography of 142 carbonate samples (86 from C-interval and 56 from B-
interval) has been conducted using Leica DMEP and Leica Wild M420 petrographic
microscopes with an attached camera in the Sedimentary Microscopy Laboratory of the
DiSTAR, UNINA. The dolomite texture is described using classification of Sibley and Gregg
(1987). The carbonates microfacies are defined and described using Dunham (1962)
classification of carbonates.

Moreover, detailed petrography of samples having dolomites and calcite in veins and
vugs are also studied. The saddle dolomites and poikilotopic calcite in the older collected
samples of Tannace (1991) and Galluccio (2009) are also studied to better establish paragenetic
sequence at the scale of Mesozoic carbonates of the Lattari mountains.

For some thin sections, photomosaics are also prepared. Photomicrographs are captured
at low resolution objective lens using Leica Wild M420 petrographic microscope with attached
Zeiss camera and then all photomicrographs are merged to form a complete scan of thin section
using Image Composite Editor (ICE) software of Microsoft.

Few thin sections (e.g., MUC-3T, 3B, 5a, 5b, 5c, 5e, 6a, 6d and 7T) are treated with
alizarin red solution to differentiate dolomite from calcite. The alizarin red solution was
prepared using the methods of Evamy (1963) and Dickson (1965).
4.2.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS)

The Scanning electron microscopy and energy dispersive x-ray spectroscopy (SEM-
EDS) analyses are conducted for total of 48 samples (27 samples from C-interval and 21
samples from B-interval). The SEM-EDS studies are performed on carbon-coated polished thin
sections (Nt = 15: N = 04 and Nc¢ = 11) and fresh-broken gold and few carbon coated rock
pieces (Nt = 33: Ng = 17 and N¢ = 16) using ZEISS Merlin VP Compact in the SEM Lab of
DiSTAR (UNINA). Few samples (rock pieces) are etched with 0.2% HCL to remove surficial

materials.
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4.2.1.3 Electron Microprobe analysis (EPMA)

The Electron Microprobe analysis (EPMA) analysis on 12 polished thin sections (N = 09
of C-interval and N = 03 from B-interval) has been done using Field-emission gun electron
probe microanalyzer (FEG-EPMA) at the facility CAM-ES, Department of Earth Sciences,
University of Cambridge, Cambridge, U.K. 06 elements including 02 major (Ca, Mg), and 04
trace elements (Ba, Sr, Fe, and Mn) with total of 874 points have been analyzed using EPMA.
4.2.1.4 Cathodoluminescence (CL) microscopy

The cathodoluminescence (CL) microscopy has been conducted, using Citl Cold Cathode
Luminescence 8200 mk3 with the attached microscope Leitz Laborlux 12 POL S, in the
Sedimentary Microscopy Laboratory of DiSTAR (UNINA).

4.2.2 Dolomite crystal size distribution (CSD) analysis

There are different methods of dolomite crystal size distribution (CSD) analysis
including linear traverse method and random or grid/point counting method (Sibley et al.,
1993). The known approach(es) for measurements of dolomite crystal size is measuring longer
dimension/axis of crystals using ordinary thin section and or SEM photomicrographs (Gregg
etal., 1992; Sibley et al., 1993; Jones, 2005; Manche and Kaczmarek, 2019).

The dolomite CSD analysis are done using ordinary petrographic microscope
photomicrographs for a total of 115 thin sections of both C- and B-intervals (i.e., C-interval N
= 77: Faito-C 22, Moiano-C 13, Castello-C 21, and Moiano-C4 21; and B-interval (N = 38;
Faito-B 13, Moiano-B 11, and Castello-B 14). Mostly five photomicrographs (representative
of the sample) captured using 5x magnification are used. The scheme of dolomite CSD analysis
conducted in present research is shown in Figure 4.5. The scale of investigation is selected
based on the overall texture (i.e., fine dolomite crystals, dolomite-scattered and floating crystals
in micritic matrix, etc) of the rock. The dolomite crystals longer dimensions are measured using
ImageJ software. After crystal size measurements, different statistical parameters (average
crystal size, minimum-maximum crystal sizes, median and mode) are calculated using MS
Excel. For the B-interval, CSD analysis are done using traverse / intercept line method using
the standard of ASTM for grain size analysis, equation given below (ASTM International,
2021) (Fig. 4.5).

Grain (crystal) size = number of crystal boundary intersections / total line length

The B-interval is completely dolomitized unit having mostly cloudy (brownish) dolomite
crystals and mosaic dolomites with negligible micritic matrix, thus, samples from B-interval

were very inconvenient for CSD analysis. The dolomite crystal size classes (i.e., medium and
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coarse) are defined using Lucia (1995) classes. The appendix 1 contains data about dolomite

crystal size distribution analysis of the C- and B-intervals.
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Figure 4.5. Site selection in a thin section for dolomite CSD analysis. Scheme(s) of CSD for matrix-selective

dolomites (left) and dolomite mosaic (right) has been demonstrated.

4.2.3 Analytical methods

4.2.3.1 X-ray Diffraction (XRD) ANALYSIS
The X-ray diffraction (XRD) analysis of 135 samples (N = 114 in DiISTAR, UNINA and

N =21, Moiano-C Section, in Department of Earth Sciences, Sapienza University of Rome)
are conducted. 77 samples of C-interval (Faito-C 18, Moiano-C 21, Castello-C 15, Moiano-
C4: 23) and 58 samples of B-interval (Faito-B: 19; Moiano-B: 20; Castello-B: 19) are selected
using the integration of outcrop lithology and petrographic observations. Those samples are
selected for XRD analysis which contain adequate percentage of dolomite. In case of B-
interval, which is a completely dolomitized unit, samples are selected by considering the
texture (e.g., coarse, medium and fine crystalline dolomites).
XRD analysis at DiISTAR, University of Naples Federico 11, Naples, Italy

A Panalytical X Pert Pro Diffractometer, equipped with a RTMS X’Celerator detector
with Cu-Ka radiation, operating at 40 kV and 40 mA, was used to acquire datasets. Scans were
collected in the range 4—70 °20 using a step interval of 0.017 <26, with a step counting time of
120 s. Every sample was added with a 20 wt% of internal standard (Buehler a alumina — 1mm).
The mineral phases were identified by the Panalytical Highscore Plus 3.0e software and PDF-
2/ICSD mineral databases.

The powder samples collected directly on field are further grinded manually using pestle
and agate mortar for few minutes. Then the powder sample is placed in an XRD-sample holder
for XRD analysis. In this case, there was a rack which can accommodate 20 sample holders at

one time. The samples are run usually overnight.
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XRD analysis at the Department of Earth Sciences, Sapienza University of Rome

The XRD analysis of 21 samples (Moiano-C Section) are conducted in the Department
of Earth Sciences, Sapienza University of Rome, Rome, Italy. The semi-quantitative analysis
was conducted using a Bruker D8 Advance X-ray system equipped with Lynxeye XE-T silicon-
strip detector at the Department of Earth Sciences, Sapienza University of Rome, Rome, Italy.
The instrument was operated at 40 kV and 30 mA using CuKa radiation (A\=1.5406 A). Samples
were run between 2—70° 26 with step sizes of 0.02° 20 while spinning the sample. Data were
collected with variable slit mode to keep the irradiated area on the sample surface constant and
converted to fixed slit mode for semiquantitative analysis. Semiquantitative estimation of
mineral phases was performed by calculating peak areas and using mineral intensity factors as
calibration constants (Moore and Reynolds, 1997). The mineral composition of the solids was
determined by comparing the powder XRD diffraction pattern to the COD crystal diffractogram
database in the Bruker Eva software package.

In this lab, the powder samples are further grinded manually using pestle and agate
mortar for few minutes and then they were placed in a sample holder for subsequent XRD
analysis. In this case, one sample is run at one time to avoid contamination. One sample took
approximately 1 hr and 30 mins.

In DiSTAR (UNINA), the abundance of dolomite relative to calcite (i.e., dolomite
percentage) is determined using the peak-height ratio of the dolomite (104) peak divided by
the dolomite (104) peak plus the calcite (104) peak (Royse et al., 1971). In Sapienza University
(Rome), dolomite percentage was determined using full width at half maximum intensity
(FWHM) of dolomite d (104) peak at 30.8 2Theta. FWHM refers to the width of the XRD peak
(peak) measured at half of the maximum intensity and is reported as a ratio of the width to the
maximum intensity of the peak.

Dolomite stoichiometry (mole % MgCO3) was calculated using the calibrated position
of the dolomite (104) reflection (Lumsden, 1979). Actually, dolomite stoichiometry was
determined using the relation between mole % CaCO3 and d (104) spacing (Goldsmith and
Graf, 1958). The following formula is used for calculating dolomite stoichiometry (Lumsden,
1979).

Ncaco; =Md + B
where N is the mole percent CaCOs in the dolomite lattice, d is the observed d spacing in

Angstrom units, M is 333.33, and B is -911.99 (Lumsden, 1979). Then from mole % CaCOs,
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mole % MgCOs is calculated. Otherwise, following equation can be used to calculate mole %
MgCOs.
Mole fraction of MgCOs3 (%) =-333.33 *d (104) + 1011.99
The degree of cation ordering was determined using the ratio of the intensities of the
dolomite (015) and (110) reflections (Goldsmith and Graf, 1958).
4.2.3.2 X-Ray Fluorescence (XRF) analysis

The X-ray fluorescence (XRF) analysis of 169 samples are conducted at DiSTAR,
UNINA. 93 powder samples of C-interval (Faito-C: 20, Moiano-C: 21; Castello-C: 25;
Moiano-C4: 27) and 76 powder samples of B-interval (Faito-B: 26; Moiano-B: 26; Castello-
B: 24) are selected for XRF analysis.

The XRF analysis are conducted using portable (handheld) Bruker (tracer) X-Ray
fluorescence (pXRF). The powder sample is placed in Chemplex® XRF sample cup (comprised
of a cell, vented cap and collar) and sealed by prolene thin-films and analyzed using pXRF.
The working conditions of pXRF used in present study are 40 kV voltage, 10 um current and
120 sec of acquisition time. All measurements were performed in dry air mode (i.e., normal
conditions without any specific gas flow). The spot size (i.e., collimator) is 8 mm and sample
thickness is 0.5 — 1 cm. Artax software is used to acquire the spectra of all analyzed samples.

4.2.4 Geochemical analyses

4.2.4.1 Dissolution (removal) of calcite from mixed lithologies

An experimental work has been done to dissolve (remove) calcite from mixed lithologies.
The experimental work is carried out using calcite (Carrara Marble) and dolomite samples
(collected from samples repository of Sedimentary Geology research group of DiSTAR,
UNINA). The rock samples are grinded and powdered using Retsch Planetary Ball Mill PM
100 in sample preparation laboratory of DiISTAR (UNINA). The samples are categorized as
natural samples (i.e., Calcite100% (C100) and Dolomite100% (D100)) and synthetic mixtures.
Four synthetic mixtures are prepared, i.e., Calcite10%-Dolomite90% (C10-D90), Calcite30%-
Dolomite70% (C30-D70), Calcite50%-Dolomite50% (C50-D50) and Calcite70%-
Dolomite30% (C70-D30), by mixing defined quantities (%) of calcite and dolomite powders.
The calcite (C100) and dolomite (D100) powder samples sieve analysis are performed using
sieve shaker to know about the distribution of particle size in both samples. The sieve analysis
data is processed using GRADISTAT (Version 9.1) software (Blott and Pye, 2001). The sieve
analysis is performed in a lab at DiSTAR, UNINA.
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For every sample 1 gram (g) of powder is used in the experiment and mixtures are
produced considering the calcite-dolomite ratios (e.g., in sample Calcite10%-Dolomite90%,
0.1 g calcite and 0.90 g dolomite are mixed). All the samples are treated with 0.3 and 0.5 molar
(M) concentrations of Ethylenediaminetetraacetic Acid (EDTA) and 3.5M and 1.75M
concentrations of acetic acid buffers. Using stoichiometry, the volume of different solutions for
every sample is determined (Appendix 2). The calcite and dolomite are also experimentally
processed with distilled water to check the sample (powder) loss during the experiment. The
treatment of samples with different solutions are carried out in the Department of Chemical
Sciences, UNINA, Italy.

Different solutions preparation procedures are given below.

Preparation of 0.3 M EDTA solution
Weigh 33.50 g EDTA and put in 500 ml beaker filled up to 300 ml of distilled water. The

solution was stirred while heating to about 50°C. 6.6 g of sodium hydroxide was added to the
solution to dissolve EDTA at the pH value of 8. Then the pH was reduced to 6.3 using
hydrochloric acid (HCL).

Preparation of 0.5 M EDTA solution

Weigh 55.8 g EDTA and put in 500 ml beaker filled up to 300 ml of distilled water. The
solution was stirred while heating to about 50°C. 6.6 g of sodium hydroxide was added to the
solution to dissolve EDTA at the pH value of 8. Then the pH was reduced to 6.3 using
hydrochloric acid (HCL).

Preparation of Acetic Acid / Sodium Acetate buffers

Weigh 182.4 g of sodium acetate trihydrate into the 11 beaker. Add about 400 ml of
ultrapure water and stir to dissolve the salt a little and make it easier to pour into the 11 flask;
wash the walls of the beaker with ultrapure water to facilitate the quantitative transfer of the
salt into the flask. Then go under a chemical hood and add 100 ml of acetic acid, taken with a
graduated cylinder, add ultrapure water almost to the mark and stir to complete the
homogenization of the solution. Remove the magnetic stir bar and bring to volume. Take an
aliquot of the solution thus obtained and measure the pH using a previously calibrated pH-
meter. The pH of the prepared acetic acid buffers was ~4.6.

The EDTA solution(s) are prepared at pH 6.3 using the observations reported by Glover
(1961). Likewise, the pH of the prepared acetic acid buffers was ~4.6. In case of EDTA,

samples are stirred for 20 minutes (Fig. 4.6). For acetic acid buffers, different stirring times are
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used for different samples, e.g., 1 hour for dolomite and 4 hours for calcite (Fig. 4.6). For both

EDTA and acetic acid buffers, stirring is done using magnetic stirrer at room temperature.
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Figure 4.6. Detailed workflow of the present study. (1) Samples collection, powdering and weighing, (2)
Experimental work, (3) XRD analysis, and (4) Stable isotopes analysis.

After the chemical treatments, the samples were centrifuged (using Beckman Coulter
Avanti J-20 XPI centrifuge) at 4500 rpm at 4°C for 5 minutes. After centrifugation, the solution
is poured out and the settled sample is washed with distilled water. Afterwards, the samples
were again centrifuged with the same conditions and then put in oven at 70°C for few hours to
dry. After desiccation, the acquired powder samples X-Ray Diffraction (XRD) and stable
isotopes (8'3C and §'®0) analyses are performed at the Department of Physics and Earth
Sciences, University of Ferrara, Ferrara, Italy. The XRD and stable isotopes analyses of all
untreated samples are also performed. The workflow of this experimental part of the work is
shown in Figure 4.6.
4.2.4.2 Dissolution of calcite from mixed lithologies of the C-interval

In the C-interval, some mixed lithologies i.e., calcareous dolomite and dolomitic
limestones are present. To perform stable isotopes analysis of dolomite only, calcite needs to
be removed / reduced (dissolved) from mixed lithologies. Therefore, total of 40 mixed
lithologies of C-interval (Faito-C 06, Moiano-C 08, Castello-C 15, and Moiano-C4 11) are
treated with 1.75 M acetic acid buffer solution for 30 minutes to dissolve calcite and acquired

dolomite only.
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4.2.4.3 Stable isotopes (5"°C and 5'°0) analysis

The stable isotopes (5'C and §'%0) analysis is performed in two laboratories i.e., the
University of Ferrara and the University of Padova (Italy).

Stable isotopes analysis at the University of Ferrara (Italy)

The isotopic analyses of C and O for the samples of Moiano-B, Castello-B and few
samples of Moiano-C (samples MAC-1P to MAC-1U) were performed at the Laboratory of
Paleoclimatology and Isotopic Stratigraphy of the Department of Physics and Earth Sciences
of the University of Ferrara, using isoFLOW (Elementar©) operating in continuous flow with
a PrecisION Isotopic Ratio Mass Spectrometer (IRMS; Elementar©). For each analysis,
approximately 150 pg of homogenous powder of sample was weighted and put into vials. Each
vial was flushed with pure He through a needle located in the autosampler in order to replace
the atmospheric air in the glass tube. In each vial the powder reacted with hot viscous water-
free orthophosphoric acid for 3 h at 50 °C and 7 h at 50 °C, triggering the release of CO> from
the limestones and dolomitic samples, respectively. Using the same needle, which has flushed
the vial before, the released CO; sample gas was extracted and transferred to the IRMS for the
simultaneous analysis of C and O. In the mass spectrometer the molecules of the sample gas
are ionized by the source (i.e., a thorium oxide filament), and the ions pass through a magnet,
which deflects and sorts them into beams with distinctive mass/charge ratios (m/z). Then ion
beams arrive at the collector where three Faraday cups detect the ions of the masses 44, 45 and
46 of CO; simultaneously. The detection of the distinct isotopic masses of the sample is
bracketed between those of reference gas (CO., 4.5 grade purity), which has been calibrated
using reference materials. In the cups, the impact of the ions is translated into a recordable
electrical signal, forming peaks, whose areas are proportional to the number of incident ions.
The isotope ratio is calculated through peak definition and integration through the ionOS
software. The signal intensity is amplified by an integrated Amplifier and is expressed in nano-
ampere (nA). The signal intensity is referred as “peak height”, and the minimum acceptable
signal is 1 nA (optimum between 2 and 10 nA) in amplitude and at least 5 seconds in duration.
The 1*C/'?C and '"*0/'°0 isotopic ratios were expressed with the § notation (in %o units) relative
to V-PDB. The in-house MAQ-1 standard was used for the single-point calibration and two
control standards (IAEA 603 and Carrara Marble) were measured to monitor the quality of the
analysis. Analytical uncertainties (1c) for the isotope analyses were in the order of + 0.1%o for
813C and 5'%0.

Stable isotopes analysis at the University of Padova (Italy)
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The isotopic analyses of C and O for the samples of C-interval (Faito-C, Moiano-C
(MAC-1A to MAC-10), Castello-C)) and Faito-B were performed at the Laboratory of the
University of Padova (Italy).

The runs were done at 70°C with two internal standards for calibration. For the §'3C, a
calibration line has been interpolated between the average of the measured and nominal values
of the standards. For §'%0, the formulae of Kim et al. (2015) have been used. The choice of the
CO»-acid fractionation coefficient (Kim et al., 2015 proposes two difference ones) affects
~0.1%o.

As stable isotopes analysis is conducted in two laboratories so interlab correction has
been applied following Kim et al. (2015). As per the correction, 1.28%o0 (VPDB) is subtracted
from the 8'%0 values obtained in laboratory of the University of Ferrara.
4.2.4.4 Radiogenic (*’Sr/*°Sr) isotopes analysis

The Strontium (Sr) isotope (3’Sr/8Sr) analyses of 36 samples (24 from C-interval and 12
from B-interval) are performed in an ISO 6 class clean room at DiISTAR (UNINA). With
respect to studied sites, the analyzed samples include Faito-C 05, Moiano- 04, Castello-C 05,
Moiano-C4 06, Faito-B 04, Moiano-B 04 and Castello-B 04. 0.025 g of powder samples were
dissolved with high purity HCI solution(s). Sr is separated from the matrix through
conventional ion-exchange procedures, explained in Arienzo et al. (2013). Sr isotopic
compositions were determined by thermal ionization mass spectrometry (TIMS), using a
Thermo Scientific Triton Plus mass spectrometer equipped with one fixed and eight adjustable
Faraday cups. 2 s.e. (i.e., the double of standard error) with N = 150, was better than +
0.000006, £ 0.000007 and = 0.000009 for Sr measurement. The determined Sr isotope ratios
were normalized to the recommended values of NIST-SRM 987 (37Sr/®Sr = 0.710248 +
0.000012) international standard, as reported by Zhang and Hu (2020). The other details of the
Sr isotope analysis can be found in Arienzo et al. (2013) and Nayebi et al. (2023).
4.2.4.5 U-Pb Geochronology

The U-Pb dating of saddle dolomites in veins, poikilotopic calcite in vugs and calcite
veins are performed for Triassic, Jurassic and Cretaceous rocks (Table 4.2). The U-Pb dating
is performed using well-polished 50-100 um thick, thin sections. The U-Pb dating is performed
at the Department of Earth Science, University of California, Santa Barbara, United States of
America (USA). These analyses were performed using LA-MC-ICPMS following the
methodology described in Kylander-Clark (2020). The laser conditions for the present analyzed

samples were 65-110 um, 15 Hz, and 12 seconds (180 shots or ~15 pum), following two
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cleaning shots and 20 seconds of baseline. The analyzed samples contain enough U-Pb ratios
and U content for dating. For all samples, 2%U/?%Pb versus 2°’Pb/?%Pb graphs show a
considerable scatter. Reference materials (RMs) consisted of NIST614 and WC-1 (Roberts et
al., 2017) as the primary RMs, and ASH 15D (2.965 Ma; Nuriel et al., 2021) and AUGB6 (43
Ma; Pagel et al., 2018) as secondary RMs; secondary RMs yielded ages within uncertainty of
their accepted values, and uncertainties less than those of the unknowns; as such, we find no
reason to propagate additional uncertainty to the dates reported herein. U-Pb dating is
performed in two runs (i.e., in first run Triassic and Jurassic saddle dolomites are analyzed and
in second run Jurassic poikilotopic calcite, and Cretaceous saddle dolomites and poikilotopic
calcite are analyzed). For each thin section, multiple zones are analyzed and dated. In Triassic
FS-1058 sample, total of two main zones with total spots N = 104 are analyzed (zone 1 N = 60
and zone 2 N = 44). In Jurassic AT-11 sample, a total of four main zones with total spots N =
161 are analyzed (zone 1 N = 15, zone 2 N = 15, zone 3 N = 15, zone 4 N = 15, zone 5 N = 15,
zone 6 N = 15, zone 7 N = 15, zone 8 N = 15, zone 9 N = 41). In Cretaceous KA-1 sample,
total of five zones with total spots N = 63 are analyzed (zone 1 N = 13, zone 2 N = 14, zone 3
N =15, zone 4 N = 07, and zone 5 N = 14). In Cretaceous KA-3 sample, total of 8 zones with
total spots N = 145 are analyzed (zone 1a N = 10, zone 1b N =11, zone 2 N = 30, zone 3 N =

15, zone 4 N = 15, zone 5 N = 30, zone 6 N = 09, zone 7 N = 15, and zone 8 N = 10).
Table 4.2. Details about the samples analyzed for U-Pb dating.

S No. | Samples Locations Host rock | Dated mineralogy and texture No. of dated
ages thin sections
1 KA-1 and | Castello Cretaceous | Saddle dolomites in veins, | 2
KA-3 poikilotopic calcite in vugs and calcite
veins
2 AT-11 Atrani Jurassic Saddle dolomites in veins and | 2
poikilotopic calcite in vugs
3 FS 1058 Maiori Triassic Saddle dolomites in veins 1
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CHAPTER 5
Calcite differential dissolution from carbonates (mix of calcite

and dolomite) to acquire dolomite: an experimental study
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CHAPTER 6
DOLOMITES AND DOLOMITIZATION IN THE C-INTERVAL
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CHAPTER 7

DOLOMITES AND DOLOMITIZATION IN THE B-INTERVAL
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Chapter 8
Synthesis of dolomites and dolomitization in the C- and B-

intervals
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CHAPTER 9

U-Pb dating of late-diagenetic dolomites and calcite
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Conclusions

The main conclusions of the present PhD research work are as follows:

The experimental study to dissolve calcite from mixed lithologies (i.e., partially
dolomitized limestone and calcareous dolomites) has been tested to acquire dolomite only for
subsequent stable isotopes analysis. Two solutions of two different concentrations are tested
i.e., 0.3M and 0.5 M EDTA, and 1.75M and 3.5M acetic acid buffers. The experimental work
and XRD analysis revealed less calcite is dissolved by 0.3M EDTA solution and more calcite
is dissolved by 1.75M acetic acid buffer. The latter solution dissolved almost all calcite,
however, the XRD analysis revealed that not only calcite is dissolved but some quantity of
dolomite is also dissolved, and enough dolomite is acquired for subsequent analysis (especially
stable isotopes). The present study concluded that 0.3M EDTA is least reactive and 1.75M
acetic acid buffer is relatively more aggressive to dissolve calcite from heterogenous
carbonates. The isotopic response of all the samples treated with different solutions commonly
demonstrated a complete spectrum from calcite-100% (C100) via different mixtures towards
dolomite-100% (D100) except for clustering of mixed samples in 1.75M acetic acid buffer.
This clustering depicts and justifies the dissolution of calcite from all the mixed samples treated
with 1.75M acetic acid buffer. The stable isotopes (5'°C and §'%0) results indicate different
solutions (EDTA and acetic acid buffers) chemical treatments have no obvious significant
impact on isotope(s) values. Among the tested different solutions, 1.75M acetic acid buffer is
more effective and suitable for dissolving calcite and acquiring dolomite only for subsequent
geochemical analyses. The present experimental investigation envisaged 1.75M acetic acid
buffer as a geochemical tool. These results may be helpful for subsequent analyses (3'%0,
5?°Mg, A47 and calculation of temperature of dolomite formation, etc) of dolomites (acquired
from heterogenous carbonates) to better understand and interpret model(s) of dolomitization.
Similarly, it can be useful for geoscientists (e.g., geochemists, sedimentologists, mineralogists,
clay mineralogists, palaeontologists, etc.) who need to dissolve calcite from their calcite-
dolomite mixed samples.

The second main research problem which is addressed is testing of reflux dolomitization.
In the studied Early Cretaceous carbonates of the Lattari mountains (southern Apennines,
Italy), the intensity of dolomitization varies across the stratigraphy and preserved as partially
dolomitized limestones and pervasively dolomitized units. Two dolomite classes are defined

i.e., Mdol and Cdol. The Mdol and Cdol’s of the C-interval are usually Ca-rich non-
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stoichiometric having low degree of order with few nearly-stoichiometric dolomites. Some
Mdol’s of the B-interval are Ca-rich non-stoichiometric, while other Mdol’s and Cdols are
nearly stoichiometric and stoichiometric with low-moderate degree of order.

The C-interval consists of partially dolomitized and pervasively dolomitized cycles/units.
The studied cycles of the C-interval usually have a decreasing downward dolomite percentage
within a cycle except the cycle 2 of C2-interval, where this trend is not visible. On the contrary,
in this latter cycle dolomite percentage increases downward. All the cycles of C2 and C4-
intervals indicate downward flux of refluxing brines, however, in case of cycle 2 of C2-intevral
it is considered that the lateral flux of refluxing brines is more dominant. There are lateral
variations in dolomite average crystal size, dolomite percentage, stoichiometry, degree of order
and stable isotopes (especially §'*0) from Faito-C through Moiano-C to Castello-C. These
observations demonstrate that the source of dolomitizing fluids was closer to the Faito-C
Section with respect to the Castello-C Section. The marked variations (particularly in the lateral
directions) in geochemical parameters are not very distinctive, could be because studied sites
are representing just a small area of a larger carbonate platform.

The geometry of beds/cycles, lithological variations, distribution of dolomites laterally
and vertically, dolomites petrography and geochemistry indicate reflux dolomitization by
downward and basinward flowing mesohaline fluids. In the C-interval, the geological and
geochemical characteristics of cycle 3 (selective partial dolomitization) indicate active reflux,
and the dolomite mosaics (i.e., pervasive dolomitization) in cycles 1 and 2 might indicate latent
reflux described by Jones et al. (2002).

The B-interval is not completely dolomitized unit but pervasively dolomitized unit. It is
because it contains ample calcite (especially in the form of calcite inclusions in the cloudy
zoned dolomite crystals), and some micritic matrix is also noticed in few dolomite mosaics.
Same is also valid for the C-interval, wherever it contains the zoned and or cloudy dolomite
crystals (especially in cycles 1 and 2). Based on petrography and scanning electron microscopy,
it is suggested that the calcite-inclusions are remnants of precursor limestones, which
correspond to cloudy cores in the petrographic microscope. The center(s) of the zoned dolomite
crystals are initially formed by incomplete replacement of calcite mud/micrite, and later the
limpid rims are formed due to pure dolomite precipitation (overdolomitization). The
overdolomitization is common in the B-interval as compared to the C-interval. Based on the
petrographic observation, it is proposed that zoned dolomites are formed in areas which were

earlier occupied by coarse grains (e.g., wackestone, packstone) and was porous and permeable,
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while the unzoned relatively fine crystalline dolomites in association with zoned dolomites are
formed in earlier fine-grained muddy intervals with least permeability.

In the B-interval, the only significant variation seems to be related not to the position in
a cycle but to type of dolomite, Mdol vs. Cdol. This is associated to stoichiometry, oxygen
isotopes, possibly degree of order and carbon isotopes. The present work demonstrates that B-
interval has experienced multiple fluxes of dolomitizing fluids (evident from
overdolomitization in Cdol’s). Consequently, there is superimposition of geochemical trends
in single cycles (which can be seen in the C interval). This indicates that repeated lateral flow
of dolomitizing fluids in the B interval have obscured vertical trends and the only variations
are associated to type of dolomites.

In both C- and B-intervals, some corroded dolomites (porous crystals having worn-out
irregular corners and peripheries) are noticed. Based on petrography and geochemistry, it is
assumed that in the C-interval, the corrosion of dolomites is polygenetic in origin and caused
by hydrothermal and meteoric fluids and rare microbes induced/influenced (in Moinao-C4
Section only) corrosion. In case of B-interval the mechanism of corrosion is not obvious.
However, dolomite crystals are corroded whenever they are in association with features
inherited from microbes. This association indirectly indicate microbially induced/influenced
corrosion.

The U-Pb dating of sparry saddle dolomites found in veins and vugs of the Mesozoic
carbonates of the Lattari mountains (southern Apennines, Italy) revealed that the earlier
hypothesized model of single episode late stage, fracture-related dolomitization is untrue, and
the saddle dolomites indicate multiple-age hydrothermal dolomitization events. The U-Pb data
provided four main clusters of dates for saddle dolomites: Late Jurassic (160 Ma), Albian-
Cenomanian (100-90 Ma), Paleogene (>70, ~65, 50 and 35 Ma) and two cluster of dates for
calcite: Miocene (11.5 Ma and 10 Ma) and Pliocene (4 Ma). Each age corresponds to well
established extensional phases affecting the Apennine Carbonate Platform on a regional scale:
the formation of intraplatform restricted basins during the Mesozoic and the pre-orogenic
extension of the platform. The U-Pb data suggest that each of these tectonic events promoted
fluid flow, and related hydrothermal dolomitization. A local source of Mg is suggested by the
fact that dolomite veins are common only when the host rock is matrix dolomite. This is
especially clear in relatively small, stratabound bodies of dolomites occurring in the Lower
Cretaceous. Consequently, a proposed model implies the circulation of warm (hydrothermal)
dolomitising fluids through Mesozoic and Paleogene extensional faults in the Apenninic

platform, which lacked external sources of Mg. From present study, U-Pb dating technique is
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envisaged as a significant tool, which can unravel and attest different-age tectonic events,

which are preserved but obscured in compositionally and texturally homogenous dolomites.
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Appendices

Appendix 1

Dolomite crystal size distribution (CSD) analysis of the C-interval. 100 pm, 200 um and 500
um photomicrographs are captured using 10x, 5x, and 2.5x objectives lens, respectively.

Crystal size distribution (CSD) analysis of the B-interval.
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Appendix 2

Empirical determination of volume of different solutions as per stoichiometry.
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Appendix 3

Dolomite textural and geochemical data of the C- and B-intervals.
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Appendix 4

Elemental (counts) data of dolomites of the C- and B-intervals acquired using portable XRF
(pXRF).
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Appendix 5
Thin sections scans of Triassic (FS-1058) and Jurassic (AT-11) samples with marked spots of
U-Pb dating and SEM-EDS analysis.

EDS based compositional data of saddle dolomite veins. All results in compound%. Processing

option: Oxygen by stoichiometry.
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